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FOREWORD

The development of this computer program -- referred to as
OPTIM ~~ was supported under NASA Contract No. NAS1-15497,by
Langley Research Center, Hampton, Virginia. The project technical
monitors were Samucl A. Morello, Kathy H. Samms, and Robert E. Shanks.

VT U W T AL e A

At AMA, 1nc., the project manager was John A, Sorensen, with
cuplneering support provided by Mark H. Waters. The project pro-
prammers were Marfanne N, Kidder, Quyen T.L. Nguyen, and Leda €.

Patmore.,
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OPTIM {s an exteasive modification of an original program
developed by Hetnz Erzberger and Homer Q. Lee of NASA Ames Research

Center.  Techmical discussions with Dr, Erzberger and Mr., Lee are
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pratefullv acknowledred.  Also, sugpestions for program improvement
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by Ms. Samms and other members of the NASA Langley Rescarch Center

staff have been greatly appreciated.

This User's Guide describes the program input, program out-

put, and general organization. Appendix A presents the technical

material upon which the program (s based. Appendix B prescuts a

E brict explanation ot each of the program subroutines.
=
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INTRODUCTION

This document is a technical description and a user's guide for a
computer program -- called OPTIM -- which is used to design near optimum
vertical profiles for turbojet powered aircraft. Specifically, the program
generates a profile of altitude, airspeed, and flight path angle as a function
of range between a given set of origin and destination points for particular
models of transport aircraft provided by NASA. Inputs to the program include
the vertical wind profile, the aircraft takeoff weight, the costs of time
and fuel, certain constraint parameters and control flags. The profile can
be near optimum in the sense of minimizing: (a) fuel, (») time, or (c) a
combination of fuel and time (direct operating cost (DOC)). The user can
also, as an option, specify the length of time the flight is to span. The
theory behind the technical details of this program appears in Appendix A.

OPTIM is an adaptation and an extensive modification of another program
developed by Dr. Heinz Erzberger and Mr. Homer Lce of NASA Ames Research
Center for the IBM 360 computer. The present program nas been modified
to operate on the NASA Langley Research Center CDC $600 and PDP 11/70

computers,

A companion program, has been constructed which takes the output of
OPTIM as input. This companion program -- called TRAGEN -- simulates an
aircraft steered to follow the profile generated by OPTIM. The user's guide

for TRAGEN appears as a separate document {1].

OPTIM has the following applications:

1. Tt can determine how much fuel consumption and operating costs can
be reduced by flying an optimum path rather than a reference tra-
jectory specified in the pilot's handbook.

2, It serves as a benchmark for evaluating sub-optimum algorithms.

3. 1t can be incorporated into an airline's flight planning system.

1
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It can be incorporated into advanced automatic air traffic control
software.

It serves as the basis for..the design of an advanced flight manage-
ment system.

It can be used to assess the advantage of alternate engines or
aerodynamic changes on air transport operating costs.
chapters in this document are organized as follows:

Chapter II explains the meaning of input variables required to run
the program.

Chapter III explains the meaning of program output variables and
options.

Chapter IV presents a subroutine layout and flowcharts explaining
the basic organization of the program.

Appendix A briefly summarizes the theory behind the OPTIM program.

Appendix B explains the purpose of each of OPTIM's subroutines and
functions.
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INPUT DESCRIPTION

To run OPTIM requires up to six i1 >ut cards and up to three designated
; data files. The meanings of the variables on the input cards are given

first., The program uses Unit 5 as the card input source.

Card 1

This card is the header that appears at the beginning of the run. The
input has an 8A10 format.

Card 2

This card consists of ten integer variables used as flags to control
the operation of the program, The input numbers are right-justified and
have a 2014 format. They are:

|

i}
|

ICTAB ICOUT IPRINT IVPI IWIND ICALT ISPLMT IGRAF IAC

IDCC.

(I

|

The meaning of each of these variables is as follows:

ICTAB In generating the climb and descent portions of the profile,
the program uses a table of optimum cruise conditions. This
table, called the "Cruise Table'", gives the optimum cruise
altitude and airspeed as a function of cruise weight. The
program uses the results of this table to produce boundary
conditions for the optimization process. The program has
the option of generating a new cruise table or using a cruise

; table generated by a previous run. A new table should be

generated either if a different aircraft model (aerodynamic and

engine data), wind profile, aircraft heading, temperature

Y

variation, or cost penalty on time or fuel is used. Values of 1
ICTAB are:



ICTAB = 0: Causes the calculation of a new cruise table.
ORIGINAL PECE 1%
OF POOR QUALITY  ICTAB = 1: Uses an existing cruise table to be read in
from Unit 8.

ICTAB = 2: Time-of-arrival fixed (create new cruise tables).

Creating a cruise table when cruise altitude is free to
vary is time consuming. (See input option ICALT). Free
altitude optimization runs may take up to ten times as long
as fixed altitude runs because of this caleculation. It is
therefore advisable to save (option ICOUT) and reuse old
cruise tables whenever possible for free altitude runs
(ICALT = 0 or 3). It is not possible, however, to save

or reuse fixed altitude or time-of-arrival cruise tables.

ICOUT This option controls the writing of a cruise table on Uni: 8.
It is only operative during free cruise altitude runs. The

user is responsible for saving Unit 8 cutput in a permanent

file after completion of a run, for rewinding it between

runs, and for recovering before a new run. Values of ICOUT
are;
ICOUT = 0; Do not write cruise table on Unit 8.

ICOUT = 1: Do write cruise table on Unit 8.

IPRINT This flag is used to control the amount of printout during

the program computation process. Values of IPRINT are:
IPRINT = 0: Normal mode (see Chapter I1I, for output description)

IPRINT

1: Extra printout included. This produces detailed
output useful for debugging cruise table
calculations. Some familiarity with th~ program
is necessary in order to use this output.

IPRINT

n
~N

Less printout (input, cruise table summarv, summary
of flight parameters (time, distance, fuel) for
each climb and descent iteration, optimum profile
summary) .

IPRINT

]
w
.

: Minimum printout (input, cruise table summary,
summary of flight parameters for optimum profile.)




IVPI

IWIND

1CALT

Ah"
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To determine the optimum profiles, the user has the option
of using airspeed as the control variable (with thrust fixed)
or both airspeed and thrust as control variables. If thrust
is fixed, it is set to the maximum value for climb and to the
minimum value (idle throttle) during descent. Using two con-
trols gives slightly better performance trajectories in terms
of lower overall cost. However, for short-haul operations,
the profile shape can be substantially different, as shown in

Appendix A, Values of IVPI are:

IVPI = O: Optimize using only airspeed as a control. -
IVPI = 1: Optimize using both airspeed and thrust as
controls.

An arbitrary wind profile can be read in on Unit 7. It
gives the wind speed and heading as a function of altitude
(above sea level). Values of IWIND are:

IWIND = O: No wind used.

IWIND = 1: Input wind profile varies with altitude but
is constant over the entire range of flight.
(See description of input wind data, p. 9 ).

IWIND = 2: Separate wind profiles are input for climb,

cruise and descent portions of the flight.

The program has the option to generate a three-part profile
(consisting of climb-cruise-descent) or a two-part profile
(consisting of cruise- descent) with or without fixed cruise
dltitude. An option_to_add_a step climb segment during
cruise is alsec avail.ble. The values of ICALT arc:

ICALT
ICALT

0: Three-part profile with a frer cruise altitude.

1: Three-part profile with fixed cruise altitude.
With this option, if the input range is not long
enough to allow the aircraft to climb to and
descend from the iupnt cruise altitude, a
feasible altitude will be sought. %he final
altitude will be some wmultiple of 20CG0 feet less
than the input altitude.

ICALT -

il
(S
.

Three-part profile with fixed cruise altitude
and step climb. The program will assume a

4000 foot climb at maximum thrust after attain-
ment of the fixed-cruise altitude. The optimum
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or Foor s distance into cruise at which the step climb

starts is solved for along with the other
optimization variables,

ICALT = 3: Two-~part profile with free cruise altitude.
Initial cruise weight and range-to-go are
input, OPTIM solves for the optimum initial
cruise altitude and airspeed in addition to
the rest of the profile.

ICALT = 4

.-

Two-part profile with fixed cruise altitude.
Initial cruise weight, range-to-go, and
altitude are input. OPTIM solves for the
optimum cruise airspeed with altitude fixed.

ICALT =-5:-- Two-part profile with fixed cruise altitude
and step climb. This option is similar to s
ICALT = 2, except that the flight starts at '
an input initial cruise weight and altitude.

ISPLMT This flag allows the user to remove the 250 kt indicated
airspeed limit below 10,000 ft. Values of ISPLMT are:

ISPIMT = 0;: No V AS limit for altitude below 10,000 ft.

I
ISPLMT = 1; 250 kt VIAS limit below 10,000 ft (nominal).
ISPLMT = 2: 250 kt viAS limit below 10,000 ft for descent only..
IGRAF This flag controls the output of a data set containing the

optimum profile which is used for generating graphs and
as input to the TRAGEN program. The data set is output
on UNIT 11, Values of IGRAF are:

IGRAF

0: Do not write an output data set.
IGRAF = 1: Write a data set using Unit 11.

IGRAF = 2: Write a data set using Unit 1l1. Printer plots
are drawn for the four variables: Mach no.,
flight path angle, altitude and fuel versus range.

IGRAF > 2: A data set is written on unit 11, Printer
- plots are generated for all variables.

IAC This flag is used to select which aireraft model to use to
generate the optimum flight profile. Current values of IAC

are:

— - e B T IR - B Y
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IAC = 2; Medium~-range three-engine jet tramsport air-
craft.
IAC = 3: Medium-rany 2 two-engine jet transport aircraft.

Descent may be constrained to a constant sink rate to main-
tain cabin pressurization at a given differemtial until cabin
pressure reaches sea level pressure. At present this differ-
ential is set at 10 psi (pounds per square inch). The con-

stant sink rate is 500 ft/min. Values of IDCC are:

1DCC

0= Unconstrained descent

IDCC

1: Constrained descent.

Card 3 (Optional)

This card has four real variables with format 8F10.2. It 1s used only
when a new cruise table is to be generated /ICTAB = (0 or 2 on Card 1). The

variables are:

FC TC DTEMPK PSIG.

The meanings of these variebles are as follows:

FC This is the cost of jet fuel in $/1b (e.g., 0.15).
TC This is the cost of time in $/hr (e.g., 600.00). Both

FC and TC are used in the cost fur tion which is minimized
by the program. If time-of-arrival is fixed, this variable

is ignored.

DTFMPK This is the temperature variation from standard atmospheric

conditions In degrees Kelvin.

PSIG This is the aircraft grouna heading in degrees. It is used
along with the wind heading to compute aircraft heading with

respect to the airmass.

Card 4 (Optional)

This card has three real variables with format 8F10.2. It {is used
only when a new cruise table is to be generated (ICTAB = 0 or 2 on Card 1).

The variables are:
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The meanings of these variables are as follows:

k

WEIGHT This is the maximum value that the weight of the aircraft
can be in pounds (e.g., 150,000 1b). The first cruise table
will be generated at this weight.

» WN This is the minimum value that the weight of the aircraft
-;‘ can be in pounds (e.g., 110,000 1b).

DEW This is the incremental cruise weight in pounds between each
table (e.g., 5,000 1b). Starting with WEIGHT, a cruise table
will be generated for cruise weights of WEIGHT, WEIGHT-DEW,
WELGHT-2 DEW, etc., down to WN. A maximum of ten cruise
tables can be generated because of intsrmal program array

dimensioning.
Card 5

This card has five real variables with format 8F10.2, The variables

are:

WITO RANGE DEIN HCRUZ  TEND.

The meanings of these variables are as follows:

WTO Aircraft takeoff weight for three-part profile or initial
weight for two-part profile in pounds (e.g., 136,000 1b).
NOTE: This value must be less than or equal to WEICHT of Card 4.

RANGE Range~-to-go in nautical miles (e.g., 200 n.mi.).

DEIN Incremental specific energy in feet between points on the
optimum profile. As explained later in Appendix A, the
program uses an energy state method to generate the optimum
trajectory. Specific energy is the independent variable,
and varying the size of DEIN affects the smoothness and
accuracy of the generated profile. If DEIN is input as 9.,

it is set equal to a nominal value of 500 feet.
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HCRUZ This is the value of the fixed-cruise altitude (in feet)
that is vsed when ICALT is set other than 0 or 3.

ok

TEND This is the value of the desired time-of-arrival (in seconds)
that is used when ICTAB is wet to 2.

Card 6

This card has four real variables with format 8F10.2. The variables

are:
HTO Initial aircraft altitude in feet.

VIO Initial indicated airspeed in knots. g
OE FU‘UI\ N w it s
HOLNDG Final aircraft al:itude in feet.
— e T e
—_—

VOLNDG Final indicated airspeed in knots.

Note that if a cruise table already exists, only Cards 1, 2, 5, and 6 are
required. An example of cards 2 through 5 is:

0 0 3 ] 0 2 1 0 3

e 0.15 400 . Q. 70.

R 100000, 70000, 5000,

o 100000, 1000, 500, 33000, 5000,
s 0. 210, 0. 210,

In addition to the card input, there are up to three data sets that

may be used by the program. These are:

4:\\ﬁ’ Unit 7 - Wind Data (Optional)

This data set is used when IWIND is set to 1 or 2. The input consists

of the magnitude of the wind and the direction of its source as a

function of altitude. The data format.is 3E3., S —— -
If IWIND = 1, a single wind profile applicable to the entire flight is
o read in. This profile consists of a set of n cards. Each card has four
= ) variables.
¢ ; HWIND(I) PSIW(I) VW(I) 1E
Thare is one card for each I=1,2,....N, where N is the number of altitudes used o
for a given wind profile. The meanings of these variables are: S
9 T )
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HWIND(I) Beginning (lowest) altitude at which direction PSIW(I)
and magnitude VW(I) apply. The program will interpolate
for values of PSIW and VW when using altitudes between
HWIND(I) and HWIND(I+l).

PSIW(I) Direction of the wind vector source in degrees (i.e., 270°

represents a wind from the West).
VWW(I) Magnitude of the wind vector in knots.

IE End-of-wind-table indicator. If IE = 0 the program will
expect to read further wind data. If IE = 1 the program
assumes that a complete wind table has been read in. Note
that when IE = 1, the corresponding altitude should be equal

to or greater than any altitude the aircraft is expected to

reach.

If IWIND = 2, three wind profiles are read in, one each for climb, cruise,

and descent (in that order). Each profile is as described under IWIND = 1,

Each profile must end with a non-zero value for IE.

Unit 8 - Cruise Table Data

Data are generated by the program and written on Unit 8 when ICOUT is
set to 1. Most of this data are also output to Unit 6 when IPRINT = O.
Data generated during a previous run are read in from Unit 8 when ICTAB is
set to l; in this case, only the summary of the cruise table is output to
Unit 6. The cruise table data that are writtem on Unit 8 are as follows:
(the Format is 8K1l5.7 unless specified otherwise):

Line 1: FC, TC, DTEMPK, PSIA obtained from Card 2.

Line 2: WUSE -~ aircraft cruise weight obtained in going from WEIGHT
to WN in steps of DEW as defined by Card 3.

Line 3:  HALT altitude - 10,000 to 40,000 ft (or to Hmax) in
steps of 1,000 ft.
EMAKIAS minimum drag airspeed - kt Optimum cruise con-

ditions at altitude
H for minimum DOC
OPMIAS indicated airspeed - kt per n.mi.

FBIAS maximum cruise airspeed -~ kt

10
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OPMTAS  true airspeed -~ kt
OPMACH  Mach Optisum cruise con-
EPRS  EPR setting gi;;:“:izzm::tgggde |
FDTOPT cost in $/n.mi. (A) per n.mi. f

FUELDT fuel flow rate for FDTOPT

These lines are repeated for altitude varying from Hmin ¢

to H . ]
max

Line 4: ENDATA -ic®, code for end of a weight set.
Line 5: HOPT optimum altitude where A (FDTOPT from iine 3)
is minimum

OPTMAK  optimum Mach (at HOPT)

OPTIAS ortimum indicated airspeed - kt ‘

OPTTAS  optimum true airspeed - kt

EMCOST minimum - $/n.mi.

EPRT optimum EPR setting (at HOPT)

EOPT optimum cruise energy (at HOPT)
FUELD1  optimum fuel flow rate.

An example of lines 1-5 appears as an output table in Chapter 1II.
Lines 2=-5 are repeated for each welghty from WEIGHT to WM in steps of DEW,

Line 6: ENDATA -100, code for end of weight tables.

Line 7: IWMAX (Format 14) number of cruise tables
(=(WEIGHT-WN)/DEW) + 1.)
Line 8: (DLLDEE(1,J), DLLDEE(2,J), J=1, IWMAX) - the coefficients
of the derivative of the optimum cost EMCOST as a function
of energy tor each weight table.

Line 9: WS(I) cruise weight - 1b \
EOPTS (1) optimum cruise ecnergy for WS(1) ~ ft
FMSTAR(1) optimum Mach
HSTARS(1) optimum altitude - ft j
PISTRS(l) optimum EPR > ?egeifiguigr
ELAMBS(1) minimum cost - $/n.ml. i
VTASOW(1) optimum true airspeed - kt L

FUELFILI) fucl flow rate at PISTRS(1) - 1b/hr. 1

11
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The output of OPTIM is lengthy, in tabular form, and generally self-
' explanatory. This section presents one sample of each of several different
4 types of output writtem to Unit 6. Thc guantity of this output is controlled
by the input flag IPRINT. Unic 8 (input flag ICOUT) and Unit 11 (flag

IGRAF) can be used to storz data sets for later use if desired.

A summary of the flags and input variables is printed at the beginning

of each run. Table 1 is an example of this output.

PR e s el ie 2ia o

& The next table output is the vertical wind profile. This is printed )

i

when there is a non-zero wind, and the flag IWIND is set to ] or 2. An

example is presented here as Table 2.

The next output tables are the cruise tables. These are printed if
they are generated as part of the run. That is, if the flag ICTAB is set
to 0 or 2, new cruise tables are computed based on other input data.
Table 3a is an example of a cruise table for a cruise weight of 100000 1b. ;
Each column of this table is as defined on pp. 10-11 (in the explanation
of Line 3, Unit 8). The format of the printed version varies slightly
P from the format of the data set output to Unit 8.

i

PRSP U

If the cruise tables are not generated as part of the run, but read

in from Unit 8, then a table such as Table 3b is printed. This table pre-

f‘ sents the derivative of the cost per n.mi. (referred to as ) & a func-
tion of change in the cruise energy. The coefficients of this derivative

are shown for cruise weights from WN to WEIGHT in steps of DEW. (See input

RSP PRIV VRN

description, page 8).

Following Tables 3a or 3b is a summary of the optimum cruise condi- I
Z_ tions for each of the distinct cruise weights in terms of minimum direct
- operating costs. This table is obtained by interpolating the conditions

of each cruise table, such as Table 3a, tc determine the optimum altitude/
airspeed/power setting combination for a given cruise weight. An example

of this summary table is shown as Table 4.
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Table 2. Vertical Wind Magnitude and Direction as a Function ' t
of Altitude. P3IW is direction of wind source.

OWIND DATA CLIMB
ALT(FT)» VUW(KNOTS)» VHW(FT/SEC)s PSIW(DEG)
0. 0.00 0.00 90.

40000, 25,00 42.20 90,
OWIND DATA CRUISE

ALT(FT)s VW(KNDTS)s VWC(FT/SEC)y PSIW(DEG)
0. 0.00 0.00 90.
40000, 50.00 84,39 90.
OWIND DATA DESCEND
ALT(FT)» VW(KNDTS)» VW(FT/SEC)y PSIW(DES)

0. 0.00 0.00 90,
40000, 100.00 168.78 $0.
0 AIRCRAFT MEAUING = 90. DEG

S After the summary table is printed, an estimate is made of the initial
o cruise weight (takeoff weight minus fuel burned during ciimb). This value

is then used to generate a new line of the cruise table based on inter-
polation. The result is printed out and is shown here as Table 5. The
variable LAMBDA from Table 5 is used as a key search variable in constructing
the optimum trajectory. This is explained in more detail in Appendix A.

After the first five tables are printed, the program goes into an
interative search process to compute Ehe optimum climb and descent portions
of the trajectory. The number of iterations varies and depends on the range
to be flown, whether a two or three-part trajectory is solved for, whether
optimization uses airspeed or airspeed/thrust as controls, and how close
to the desired range the final trajectory is supposed to be for conver-

gence, An example of the output given in tabular form for the climb
trajectory is shown in Table 6a.

The descent trajectory is computed backwards in time starting with
the estimated landing weight and ending with the final cruise conditions.
An example of this descent trajectory is shown as Table 6b.

R

A summary of the climb, crulse, and descent segments of a three-part
trajectory in terms of fuel, distance, time, cost and cost/n.mi. is printed

finally in the form of Table 7a. This table is the essence of the

program's output. It shows how closc to the desired range the trajectory

came, and what total cost resulted. This table is used to rapidly compare

15 o
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Table 3b.

VI BN

o

Gk Y

Derivative of the Cruise Cost with Respect to

Cruise Energy.

(IPRINT = 0 or 1 only)

DILANBNA)/DE o A € ¢ 8 [R SSNNes2

CRUTISE uT A 8 -
130000, e133925TE=V4 <=,0511070E+00
143000, ¢1299922E-06 =40635024T0E¢00
140000, 0134200TE04 =o8792299E¢00
133000, «1298901E=08 =,0735543E¢0C
1300000  o1220380E-04 =~o5373249€¢00
= 125000, ¢12069210E=0A4 ~,0746102¢¢C0
o
Bt 120000, «1030897EQ04 . ~,9991812E+00C
§ : 115000, «8T21075E=03 =o¢3484%590E¢00
" 110000, ¢ T292038E-03 =45016009E+00
Table 4. Cruise Table Summary.
CRUISE TABLE SUMMARY
OCRULSE NT OFT € OFT MACM OFT M FNR RE1Q L ARRDA RTAR  FUEL FIOW
L FT FY FFR S/NN LR/NR
T 0 100000, 0874, L7282 33000, 1. 0308 3,130 421,90 494,73
0 95000, 40BBO, . 7258 33000, 1. h204 1.061 477,06  440%.90
. 0 20000, 40907, L2248 13000, 1.78a% 2.097 422.00  4442,00
- 0 93000, 40R0OY , =i 3000, 1.7922 2,91 422,04 4244.84
s o 80000, 40918, ==="77273 33000, 1.7243 2,809 423,00  4132,03
’ 0 73000, 40950, L7IR™ 11000, 1.4987 2,834 421,91 4010.24
0 20000, 40vaa, L TR 33000, 1.473? 2,794 424,00  INEN,SD

Table 5.

Interpolation of Crufse Table for Estimated Weight

at Top of Climb,

WLIOGNT AT REUINNING OF CRULSE
QURUISE WY

[\

L&
Q4460

orT
i1
A0R ",

IPRINT = 3.
OF1 HALH P W LANRDA NTAS  FUFL FIOW
' LR 1R/NR
Qrina 23000, 3.0v4 AN 4ave.08
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Table 7a. Summary of Optimum Results for a Climb-Cruise-
Descent Profile.
INITIAL FInAL INTTIAL FINAL
CRUISE CRUTSE CRULISE CRUISE
METIGHTLE)Y 131355, 1312626 TAS 482, 482
COST(S/NM) 2313 24310 I4S 313,34 313,03 \
ENERGY(FT) 41447, 41488, GR SP XN 444,04 444,04
ALTITUDE 31186, 31230, NACH NO 82147 « 82149
FUEL USED(LR) DISTANCE(N M),HRININSSECy COST( )p» S/NM
CLINR 4444,97 109,28 V137132 424043 3000
CRULSE 292.79 15453 0: 2: 3 39,02 2.31
DESCEND 523.2) 76427 0114833 154403 2002
TOTAL 5260,97 221409 083421} 614490 3008
LANOTNG YEIGHT » 1307239,
CRUISE AND OVERALL EFFIZTIENCY 18,853 20416L8/NN
COS™ (Y OVER LAMADA) = 5¢51NQ OF TTERATIONS o 3
Table 7b. Summary of Optimum Results for a Cruise-Descent
Profile.
INTTEA FTNAL (NTTIAL FINAL
. CRUISE CRUTLSE CRUISE CRUTSE
- NETGHT(LM) 131807 131413, TS 47, AT1. .
COSTLR/NN) 2.19; 2.191 IAS 278,78 278,20
ENERGY(FT) 45938, 460124 GP SP KN 446050 446439
ALTITHDE 36135, 36214 MACH NO oR2081 02068
FUEL USED(LM)Y DISTANCE(N M), MRIMINISEC, COSTL )y S/NM
cLIN Qe €5, L Yy ¢t 0t ) 000 000
CRULISE 3940 29 2%,1C gt 3% & 350495 2.19
DESCEND 748,12 86,9 0312158 154,94 1,70
v TNTAL 1142, %8 1106t 21161 4 29%5.%) 1087 '
LANNTNE WETAHT = 30864,

CRUTSE AND NYERALL EFFTITTENCY 17.472 L0, 397LR/INN

:nkﬁﬂuﬂsfﬂfﬁ

e
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one run against another. An example of a two-part trajectory (cruise-
descent) is shown in Table 7b. Tables 7 are output for any value of
the printout flag IPRINT.

Table 8 is an example of the table of optimum trajectory variables
which may also be written to a data set for use in additional plotting
routines or for the program TRAGEN if IGRAF > 1. Note that this summary
shows GAMMA, which is the flight path angle with respect to the air mass,
rather than the FPTH shown in Tables 6a and 6b. FPTH is the flight
path angle with respect to the ground.

Table 9 is a summary of the cruise performance which is printed at
the end of each rupn in which a cruise section is produced, Table 9
shows the steady cruise-climb conditions every 100 n.mi. to cover the
expected range of the flight. Note that as fuel is burned off, the
optimum altitude rises, and the optimum power setting and cost per n.mi.
charnge. If cruise altitude is fixed, this will be indicated in the

various cruise tables. Table 9 may also be written to Unit 11.

Table 10 is an example of the step climb portion of the profile
calculated when step climb is included in the optimization.

Figures la~1b are examples of plots produced when IGRAF > 1.

Unit 11 Output data set (optional)

The variables which describe the optimum vertical profile followed

by the aircraft are written as output on Unit 11 when IGRAF 2 1. Printer

plots are also generated when IGRATF is greater than 1.

The output data are used for two purposes: (a) they serve as in-
;“,“v put to plotting routines so that a more convenient record of the data

—_— than tabular listings can be obtained, and (b) they serve as input of

B

points on the nominal optimum trajectory for the program TRAGEN described
in Ref, 1.

i

t
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Table 10. Step Climb Portion of the Optimum Profile. (IPRINT < 3)

ORICINAL oo

OF FOOR Ol S
CCLIND DEQINS AFTER 200,117 NN, OF CRUISE QJAL’TY
¢ STEP CLIND VARTARLES

ENEREY  ALTITUNE RACH  AIRSPELD SANRA FuELu2 [{4] ve TINE  DISTANCE (¢ 1] iy et
40004.097 33000.000 a726 422.197 0.000 €. 000 2.227 422118 0.000 4. 000 21,933 24043, 4 0.000
41344.937 323300.000 723 A21.110 1,923 41.2% 2,233 4.0 20.93¢ 2,433 20,903 94922.23 1431.344
41994.337 34000.00¢ 223 40007 1.838 93,743 2:240 419,008 42,954 5.020 19.001  93979.74 1343.963
A2264.200 34990.00¢ 1729 AL 1,782 1.8 2.8 AN 46,984 ?.742 16,823 93935,91 1297.018
42724.110 39000.000 228 A17.8722 1.663 172,983 2.24%  ALD.07) 99.917 10.340 17,424 92090.3¢ 1227.84
43104.042 3930¢.900 V223 AL700 1.561 229,437 2.232 Als.012 118,413 13.3n 16.01¢ 73043.03 1149.333
43804.845 36006.000 728 A13.70) 1.437  270.37w 2,254 413,347 144,047 16,000 13:17¢ 93793.16 1070.178
44120.324 34300.900 726 413.273 1.201 323.919 2.2%7 413,123 176,536 20.487 13.803¢ 93737.37 940.18¢
44523.143 3700¢.008 229 813,132 1,143 3Re, 0873 2.7237 415,028 M2.3N0 ?4.810 12,430 23074.41  BN.4W)

The ovutput has up to six binary records of the form:

Record 1: WORD, NWORD
WORD may be: CLIMB, CRUISE, OR DESCEND.
NWORD is the number of points stored for the
specified flight segment.

Record 2: An NWORD by 12 matrix. For example, for Climb,
Record 2 contains for JCLIMB = 1,..,NWORD: S

CGRAF(JCLIMB,1) = E Specific energy - ft
CGRAF(JCLIMB,2) = J altitude - ft =
CGRAF(JCLIMB,3) = MACH Mach

CGRAF(JCLIMB,4) = VTASK true airspeed - kt
CGRAF(JCLIMB,5) = GAMMA flight path angle - deg
CGRAF(JCLIMB,6) = FUELUZ fuel burned - Ib
CGRAF(JCLIMB,7) = EPR EPR setting
CGRAF(JCLIMB,8) = O blank

CGRAF(JCL1IMB,9) = TIME time -~ sec
CGRAF(JCLIMB,10) = DIST range traveled - n. mi.
CGRAF(JCLIMB,11) = HDOT vertical rate ~ ft/min
CGRAF(JCLIMBR,12) = VIASK indicated airspeed - kt

The same variables arc stored in DURAF (JDESCN,J) for the descent portion,
and SGRAF for the cowbined cruise and step climb portions,
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PROGRAM ORGANIZATION

This section givos a brief overview of the process used in OPTIM to
generate an optimum vertical profile for aircraft operating between two
fixed points. The overview is in the form of steps and program flow
charts. Then a brief description is given of each of OPTIM's 62 subrou-
tines and 19 fQ;ctions. Charts showing the interrelations between these

subroutines are also presented.

The technical details upon which the program is based are presented
in Appendix A. A more detailed description of the subroutines is presented
in Appendix B. More details concerning the program's origin and c3ncébts
upon which it is based can be found in Refs. 2-6.

OPTIM has been configured with a short main program which calls the
input subroutine, ALLIN, and the major control subroutine, OPTM56.
OPTM56 then follows one of two paths depending on the input parameters.
It may synthesize a fixed-range, two-or three-part trajectory. Or, it
may call OPTTOA to determine a trajectory meeting a fixed time-of-arrival

constraint.

The fixed time-of-arrival is accomplished by iterating on the cost
of time TC between passes of the program. In other words, an outer loop
1s used to iterate on the cost~of-time coefficient TC so that a fixed
time-of~arrival is achieved. The inner loop determines the optimum ver-
tical prnfile with a fixed-cost-of-time set by the outer loop and a
fixed cost-of-fuel FC which is input.

Figure 2 shows a flow chart of the steps followed by OPTIM to synthe-
size a fixed-range, two- or three-part trajectory comsisting of climb,
cruise, and descent profiles., For a case where fixed-time~of-arrival is
desired (ICTAB=2), Fig. 2 represents the inner loop of the program. (The
outer loop is discussed later.) For the input flag ICTAB set at 0 or 1,

this 1is the normal program flow. The steps followed are:

27 Pad
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Read all input and place it in COMMONs/INPUT/ and /CRUISE/.
(The latter is filled by input only if an old cruise table is
being read.)

Generate the cruise table if it has not been read in.

Test on trajectory type (input variable ICALT). If this is

a two-part trajectory, go to (5a).

Set Pmin = 1,00 or 0.0 based on flags IVPI and ICTAB. Use this

and other quantities to generate an optimum trajectory of range
Rmax' If R is less than Rmax’ go to (5). If R is within ¢ of Rmax’
then the desired trajectory has been generated. If R is greater
than Rmax’ then the trajectory achieves optimum cruise altitude.

If so, compute the cruise distance dC =R - (dup + ddn)’ and

compute the final cruise weight. Next, use this updated cruise
weight to recompute a refined descent trajectory. Use this

refinement to complete the three-part trajectory.

For a two-part trajectory, use Ao and input quantities to

generate the optimum descent profgie. Compute the cruise
distance dc =R -~ ddn’ and compute the final cruise weight. TUse
this updated cruise weight to recompute a refined descent trajec-
tory. Use this refinement to recompute the two-part trajectory.
(Note, if initial altitude is not specified, the starting optimum

cruise altitude and Ao’ are chosen based on the input initial

pt
cruise weight., If initial cruise altitude is specified, this is
fixed, and Aopt

to the initial altitude and weight.)

is obtained from the cruise table corresponding

Compute P that causes cruise altitude just above 10000 ft.

max
(See Appendix A). Use the input quantities and Pmax to generate
the optimum trajectory of range Rm
R . . If R is less than R s
min min
1f R 1s within € of Ryy.» then the desired trajectory has been

in® Compare inpi't range R with

then no trajectory is computed.

synthesized (¢ = 5 n.mi.). If R is greater than Rmin’ then go
on to (6).

F - -
OF Rijn SR <R ouse (P, R, ) and (Pl in? R o) @ the

starting points to compute subsequent values of P. 1Iterate
on P until the desired range is achieved. (Again, refer to
Appendix A for more details.)
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In steps (2), (3), and (4) of Fig. 2, an optimum trajectory is
generated based on the parameter P. Computing the points on
an optimum profile and evaluating the reaults for a fixed value of A
consists of nine steps which are presented in flow chart form im Fig. 3.
The input quantities are P, the initial weight Wi, and the initial
and final values of specific energy (Ei'Ef) (which are computed from
initial and final altitude and airspeed (hi' Vi), (hf, Vf)). The steps

follow the analytical expressions developed in Appendix A, and they are:

1, The climb i-e' bu.2ed is estimated based on an empirical
equation whie ¢ '"ﬂEEion of initial and final energy, the cost
parameters cr - and Cik. {Cé; Ct)’ and the initial weight.
The climb fuct rstimate is subtracted from the initial weight
to obtain an estlm.=;=;§Fthe initial cruise weight wci'
Based on wci, the optimum cruise cost Ao is obtained from

pt
the cruise table. This Ao term is multiplied by a percentage P

to obtain the cost paramet:; Ai used for the optimization of the

climb profile. This modified cost term and wci are used to

interpolate in the cruise table to obtain the estimate

of the initial cruise energy Eci' If a time-of-arrival or cruise

altitude are fixed, then P = 0, and ) = Aopt'

2, The optimum climb trajectory is generated by stepping along
in energy from E1 to Eci' in steps of AE. At each point, the
Hamiltonian

H =y n

Min (Cc £ + C_ -~ A, V .
up if 4 18 sy E>0,
.S E

is minimized by choosing the best value of airspeed v (TVPI = Q)

ar airspeed and EPR m(IVPT = 1). Constraints limit the ]
range of airspeed and thrust over which the searrh takes ]
place. Energy and altitude are monotonically increasing. »
Based on the change in energy and airspeed, the approximate 1
changes in altitude, flight path angle vy, time t, fuel A

it ]

burned F, and distance traveled X are computed. This pro-

cess is stopped when energy Eci is reached. If the weights at top

of climb 1is more than 200 1b off the estimate W this step is . 1

i’ -

represented with improved values of Ay, {
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1. Compute Ai’ Eci for climb optimization

Estimate initial cruise weight by call of FULEST to
estimate climb fuel Fup.

W = Wi - F
ct up ORIGINAL PACGH IS
Read A (W _,) from cruise table OF POOR QUAUTY i
opt ci

Ai = (1. + P/100,) Aopt

. Read Eci (Ai) from cruise table

2. Compute climb prc¢file

. Minimize Hamiltonian at each energy step

 Min {cf f+c -2y (vgz}

H =
up V,7T IE'

Compute corresponding changes in t,F,h,v,X
If climb fuel off by more than 200 1lb, repeat last

two steps.

3. Estimate the final cruise weight
- . Estimate cruise distance dc and ground speed by call
' to WATEST

Vg(hci) B f(Eci’hci’vw(hci)’ wg)

. Estimate final weight using f(xi) from cruise table

Fo = f("i)dclvg(hci)
. Refine estimate

Wc = Wi - Fup - FC/2

Obtain A(ﬁc) from cruise table

, 2 — —_ -— LY
Obtain £(3), E_ (N, h (), V (h))

O P

Figure 3. Nine-step process to generate an optimum three-part trajectory
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- -

uonpute v (E c,Vw)
F - f d /V

. Compute final weight estimate
wcf = Wi - Fup - Fc

9

Figure 1.

4. Compute cruise cost and energy for beginniug
of descent
. Obtain A £ (H ) from cruise table
c A = (1. + P/lOO )\
. Ohtuin E f(\f) from cruise table
[
5. Estimate landing weight from WATEST estimate of
descent fuel Fdn
We = Wee - P
6. Cowpute inftial desceut profile
« Minimize Hamiltgnian at each energy step
c f + C -\, v
“d - ;“:1‘ L ) ...&..3_._1
v i ‘
«  Compwle corresponding changes fn t,F,h,y,X
7. Refine final cruise and landing conditions
«  Recompute cruise distance
d, = mup + Hy /AN
. Repeat Step (3) to compute Fc
© Wer YW (bup tFD
i . wf - wi - (}up + }c + Pdn)
—— - - - - S W‘I‘ —d
8. Recompute retined descent profile

+ Repeat Step (6)

. Ropvut \(up (/) for {mproved crufse cstimates

S R ——

U

Tdhuldlu 1vﬂul(ﬁ ut Slcpﬁ (l) - (8)

e e, - A

cont inued 1)




3. The final cruise weight ch is next estimated. For the
climb~descent type of trajectory (IVPI = 1; see Appendix A) no fuel
is burned in cruise, wcf is set equal to wci’ and the program
proceeds to Step (4). Otherwise, the program uses empirical
equations to compute cruise distance dc' Then, with
initial cruise ccst Ai, fuel burn rate, and estimated ground
speed Vg, it computes an initial estimated fuel burned during
cruise., This value is used to estimate the aircraft weight
ﬁ; half-way.through cruise. A new cruise cost )\ and fuel
burn rate £ are obtained from the cruise table. These values
are used to refine the estimate Fc of the fuel burned and the
final cruise weight ch.

4. The estimate wcf is used to obtain from the cruise table the
final optimum cruise values of cost Acf' The value of Af

used for descent optimization is found by multiplying Acf by the

percentage P. The final value of cruise energy ch used for descent
optimization is found by interpolating from the cruise tables
using ch and Af.

3. The landing weight is estimated using empirical equations.

6. Similar to Step (2), the ovtimim descent trajectory is
generated by stepping along in energy (backwards in time)

from Ef to ch, in steps of AE. At each point, the Hamil- ... . _..
tonian

is minimized. Again, changes in altitude, flight path angle,

time, fuel burned, and distance traveled during descent are

computed.

7. The cruise distance is refined. For aircraft reaching

aptimum cruise altitude (P = 0), cruise distance dc is R -

34 ORIGINAL PAGE IS
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dup = dan’

Hup’ Hy o and the slope dy/dE are used to compute dc. with

this more sccurate distance, improved values of “cf and Wf

Otherwise, a formula using the final values of

are computed.

8. The descent profile is recomputed based on the improved value
of wf. This produces a better value of descent distance ddn
which in turn produces a better value of cruise distance dc'

9. Based on Steps (1)-(8), a table (Table 7a) 1is generated which
summarizes the distances traveled, end conditions, fuel burned,

and costs of each segment of the trajectory plus the trajectory
as a whole.

The above steps and flow diagrams of Figs. 2 and 3 are brief summaries
of the process taken by the OPTIM program to implement the vertical pro-
file optimization techniques outlined in Appendix A. The reader who is
interested in more program details is referred to Ref. 3. Further under-

standing will come from use of the program and study of the individual
subroutines.

Two other variations to the basic process of generating optimum vertical
profiles exist within the structure of OPTIM. The first is the ability to
simulate a step climb during cruise., This climb {s curreantly 4000 ft from
one fixed cruise altitude to another (e.g., 33000 ft to 37000 ft). For this
option, the step climb is computed based on use of maximum climb thrust, and
the speed is ramped from the optimum at the lower altitude, to the optimum
at the higher altitude. The climb computation consists of eight 500 It steps,
with the atreraft trimmed so  that tlight path angle rate for each step is zero.
Then, optimum cruise and descent are computed from the higher cruise altitude.

The program is set up to compute the optimum=point to begin the step climb if

this option is chosen.

The second varfation {8 to constrain the rate of descent at the top of the

descent porifon of the profile. This optien might be used to account for cabin
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pressurization constraints. Currently, OPTIM has the ability to constrain
the rate at 500 ft/min down to 28000 £t. Then, an optimum descent profile is
computed from this point downward, where Af is based on the aircraft weight
at 28000 ft.

The capability to generate a vertical optimum profile with fixed range
and fixed time-of-arrival is governed by the outer loop logic shown in Fig. 4.
The program begins (as also shown in Fig. 2) by reading in control flags and
other trajectory characteristics data. If the control flag ICTAB is set to O 1
or 1, OPTIM generates a minimum cost optimum profile based on the input cost-of-
fuel FC and cost-of~time TC. This is the normal mode of operatiom.

If the flag ICTAB is set to 2, the program will iterate on the value
of cost of time TC until the time-of-arrival Tf is within some tolerance _
of the desired time-of-arrival Tend (input TEND). The logic for this itera-
tion scheme is shown as Blocks 2, 3, and 4 in Fig. 4.

The first step is to set TC to zero and generate an optimum vertical
profile, This profile will correspond to a minimum fuel path. The logic
to generate this profile is essentially the same as was indicated in Figs. 2 ]

and 3. The final time Tfo is recorded. If Tfo 1s greater than Tend, the ;
initial flight profile took too much time. Therefore, time must be penalized
with positive cost TC. The program then uses logic indicated in Block 3a.

If Tfo is less than Tend’ the initial flight profile was too fast. Then, ;
time must be penalized with negative TC. The program then uses logic indi-

cated in Block 3b.

For positive TC, the program generates two more optimum profiles cor-
responding to costs of time of $300/hr and $600/hr. (If $600/hr produces
too slow a profile, the program uses $900/hr, etc.) From each of these, the
times-of-arrival Tfl and sz are recorded. Then, the program proceeds to
Block 4 to solve for a TC which will yield the desired T.. >

For negative TC, the program next solves for the minimum cruise value
of TC, or

TCmin = -fmin FC.
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FC 1s the input cost of fuel, and Emin is the minimum cruise fuel rate
at a particular cruise altitude. The aircraft should not go slower in
cruise than the cruise speed corresponding to fmin' Thus, Tcmin repre-
sents the boundary on negative values of TC. For this value of TC, the
variable Aopt
profile is then generated using TC n’ and the corresponding time of
flight Tgy is recorded. (If Tg, 1s less than T .,

should be made up in a holding pattern at the end of cruise.) For Tfl

(see Fig. 1 and Appendix A) is zero. A minimum fuel rate
the difference

greater than Tend’ the next value of TC is set by linear interpolation

between 0 and Tcmin to attempt to produce a sz equal to Te“d.

If sz equals Tend’ the program is finished. If not, sz is
recorded, and the program proceeds to Block 4.

In Block 4, three values of time-of-arrival Tf (Tfo, Tfl’ sz) a?e

used with three corresponding values of cogt-of-time TC (TCl, TCZ’ TCB)
to form the quadratic relatiomship

T, = a(TC)? + b(TC) + C .

This equation is solved for TC so that T Then—the program is

=T .
f “end
rerun with this new value of TC used to generate the optimum profile.

The resulting T, is compared to T_ .. If it is within & (L0 sec),

f
the program stops. If not, the new values of (TC, Tf) are used with pre~

vious values to recompute the quadratic relationship, and the process is
repeated. This continues until the generated flight paths converge to the
desired time-of-~arrival.

OPI'IM is programmed in FORTRAN, and it consists of the main executive
program, sixty-two subroutines, nineteen functions, and three block data
routines. These subroutines and functions are called to execute the steps
depicted in Figs. 2-4, Brief explanations of the program and its subroutines=

are presented in Appendix B.

The program subroutines and functions can be grouped into four cate-

gories:
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1. trajectory optimization and generation,

2. aerodynamic and propulsion models, ORIGINAL PAGE [§

3. flight condition models, and

OF POOR QUALITY

4, utility programs.

Under Category 1, the routines are:

OPTM56

OPTTOA

ALLIN

CLIMB

CRUISR

CRUISX

CRZQOPS5

CTABLE

DESCND

DESPC

DRAGC

ESTCD

ESTCD2

ESTCD3

ESTDF

ESTDF2

ESTDF3

ESTEP

Serves as the driver program after all input is 1in.

Serves as the outer-loop driver program when searching on
TC to achieve the desired time-of-arrival.

Reads all input.
Generates and stores the climb profile.

Computes a cruise segment from the lower cruise table before
a step climb.

Compute a cruise segment from a given starting weight proceeding

for a given range.

Generates the cruise table,

Interpolates in the cruise table for a set of parameters
at a given weight.

. e
Generates and stores the descenf protile.

Modifies the finzl portion of the cruise and descent profile
to provide for constrained descent.

Computes the drag force.
Calls appropriate routine to estimate the cruise range.

Estimates cruise range for the tri-jet as a function of

percent P of .
opt

Estimates cruise range for the twin-jet as a function of
cost of time, cost of fuel, and P,

Call appropriate routine to estimate the descent fuel.

Estimates the descent fuel for the tri-jfet as a functicn of P.

Estimates the descent fuel for the twin-jet as a function of
cruise and landing energy, cost of time, and cost of fuel,

Conputes the value of the next e¢nergy step during climb
and descent,
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FBOUND Generates the speed boundaries for the optimization search.
FCLIMB Minimizes the climb and descent Hamiltonians with respect
to speed.’
FCLMB6 Controls the process of minimizing the Hamiltonian for a
fixed energy level during climb. ;
FCOST Minimizes the craise cost for a fixed altitude and aircraft i
weight. :
|
FDSCN6 Controls the process of minimizing the Hamiltonian for a ;
fixed energy level during descent. ‘
FDRAG Computes the minimum drag airspeed. j
FOPT Generates the optimum cruise cost for a given cruise weight.
FTHRST Minimizes the c¢limb and descent Hamiltonian with respect ;
to thrust. j
FULEST Calls the appropriate routine to estimate the climb fuel.

FULEST2 Estima..s climb fuel for the tri-jet.
FULST3 Estimates climb level for the twin-jet.

PCCMP5 Computes the value of F used as an iteration parameter to
compute a trajectory with the desired range.

PILIMT Generates the lower {(EPR) limit for climb optimization,
and the upper limit for descent optimization.
PRETBL Prints pre-step-climb cruise performance table.
PRFTBL Prints performance table, writes data on Unit 11, and
calls for printer plots.
PROFIL Controls computation of one optimum flight profile.
PRSUM Prints cruise table summary. Calculates summed cruise time

and distance tables.

STEP Controls the addition of a step climt to the optimization.
STEPEN Takes one energy step (climb or descent) using the minimized

Hamiltonian,

r

STEPOPT Calculates cost of combined cruise, step climb, cruise and

descent.
STEPUP Computes a step climb in altitude and Mach number. ;
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WATEST

WCLST

WLEFHV
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Computes the fuel used, distance traveled, time taken, total
cost and r~ost/n.mi. for the climb, cruise, and descent profiles.

Estimates the landing weight, given conditions at top of climb.

Computes final climb, cruise and descent values for fuel,
time and. distance, where the value of A 1s very close to
the optimum value.

Interpolates the cruise table data to relate X, cruise
weight, energy, fuel flow rate, altitude, and ground speed.

Under Category 2, the routines are:

DATTRI

DATTWN

CDRAG

" CDRAG2
CDRAG3
CLIFTT

CLIFT2

CLIFT3

ENGEPR

ENGEP2

ENGEP3

ENGIDL
SPLMT

TRIM

Block data containing engine data for the tri~-jet turbofan
engine.

Block data containing engine data for the twin-jet aircraft.

Calls appropriate routine to compute the drag coefficient.

Computes the drag coefficient for the tri-jet aircraft.
Computes the drag coefficient for the twin-jet aircraft.
Calls appropriate routine to compute the lift coefficient.

Computes the lift coefficient as a function of Mach number,
altitude, and angle-of-attack for the tri-j.t aircraft.

Computes the lift coefficient for the twin-jet airciaft.

Calls appropriate routine to compute engine thrust and
fuel flow rate. —

Computes the engine thrust and fuel flow rate as functions
of altitude, Mach number, temperature variations, and EPR
setting for the tri-jet.

Computes the engine thrust and fuel flow rate for the twin-
jet aircraft.

Computes—thrust—and=fuel-flow—rate_for_idle_throttle.

Computes aircraft speed limits during climb or descent.

Computes the thrust and angle-of-attack for maintaining
constant speced levels for a given altitude and cruise weight.
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Under Category 3, the routines are:

ATLOW

WIND

WINDIN

Generates atmospheric demsity, pressure, temperature, and
speed-of-sound as functions of altitude,

Computes the wind vector and its effect along the ground
track of the aircraft.

Reads in data and sets up the wind profile as a function
of altitude.

Under Category 4, the routines are:

BANNER

CHEKIN

CONDAT
DBLSRC
FIAS
FIASM

FMIN
FMIN2

ICLOCK

JTRUNC

LSQPOL

MATINV
NICER
PAGE
PICTUR

POLYEIL

POLY?2

writes the heading at the beginning of the run.

Checks input quantities to be sure they are within
reasonable ranges.

Block data containing values for most program constants.
Performs a linear double table look~-up.

Converts indicated airspeed in feet/second to Mach number.
Converts Mach number to indicated airspeed in knots.

Minimizes a function by a Fibonacei search to within 1/144
of the search interval.

Minimizes a function by a Fibonacei search to within 1/34
of the search interval.

Changes time in seconds into hours, minutes, and seconds.

Truncates a monotonically decreasing series from an array
of changing values.

Obtains a polynomial based on a least-squares fit to a
set of data.

Inverts a matrix.
Cenerates boundaries for printer plots.

Starts a new page of printout.

Generates printer plots.

Evaluates a polynomial for some fixed value of the
independent variable.

Evaluates a polynomial for some fixed value of the two
independent variables.
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PRTPLT Sets up printer plots when IGRAF is greater tham 1.

PRWT Prints estimated conditions at top of climb. 1
SERCHI Searches for a point in a monotonically increasing array.

SERCHD Searches for a point in the monotonically decreasing array.

SGLSRC Performs a linear table look-up.

TRACIT Traces subroutine calling sequence in case of program error.

WRITE] Writes out the trajectory summary table. | i

Three CDC subroutines are called: DATE, TIME, and STRACE. These are

for local user convenience. ]

Figures 5a through 51 show how control passes through the chain of

subroutines. This figure, when combined with the preceeding short subroutine

descriptions, is a short guide to the total program organization. Further
detail may be found in Appendix B.

OPTIM

{
ALLIN OPTM56 TRACIT
|
I l

BANNER WINDIN

Figure 5a. Top level of Program Flow.
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FULEST2

Fipure t,

STEP
CRZOPS STEPUP CRULSR PRSUM STEPOPT
PROFIL STEPUP CRUISR
Figure 5d. Program Flow for Step Climb Optimization.
CRZOPS
=H_
1 1
FOPT LSQPOL
- I l MATINV )
FBOUND FCOST ==
TRLM
Flgure 5S¢, Progaram Flow for Cruise Table Optimization.
CLIMB
FULEST PRWT ESTEPR STEPEN FCILMB6
FULST3 SPLMT FCLIMB FDRAG PTLIMT

4

)

Propram Flow for Climb Optimization.
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DESCND
WATEST PRWT ESTEP STEPEN FDESCN6
CRUISX ESTCD ESTDF SPLMT FCLIMB FDRAG PILIMT
3 Figure 5g. Program Flow for Descent Optimization.
- WCLST
| I ] ]
CLIMB DESCND DESPC vopP
F é é See l I
= Figure WRITEL CRUISX
S¢
| Figure 5h. Program Flow for Near-Optimum Case.
ATLOW ENGEPR FMIN2 POLY?2
CDRAG ENGEP2 FTHRST SERCHD
L CDRAG2 ENGEP3 ICLOCK SERCHI L
e CDRAG( ) ENGIDL JTRUNC SGLSRC
B CTABLE FIAS PAGE WIND
DBLSRC FIASM POLYE1 WLEFHV
L DRAGC FMIN
Figure 5i. Utility Subprograms and Functions Called
Throughout the Program.
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APPENDIX A

TRAJECTORY OPTIMIZATION USING THE ENERGY STATE METHOD

The purpose of this Appendix is to summarize briefly the theoreti-

cal background and the numerical process used in the OPTIM program

for computing the optimum vertical profile of a turbo-jet aircraft. More

details are given in Refs. 2-6. Reference 7 presents the principles
upon which trajectory optimization is based. In Refs. 2 and 3,
Erzberger and Lee apply these principles using the energy state
approximation to obtain a practical, efficient means of generating
the optimum vertical profile. OPTIM is an extension of the original
computer code develc-ped by Erzberger and Lee and is based on their
methods. 1ts application is explained in Refs. 4, 5, and 6.

In the following sections, the theory of trajectory optimization
is first presented. Then, the application of this theory to minimizing
the direct operating cost (DOC) of an aircraft traveling over a fixed
range is outlined. This is followed by a discussion of the details of
going from theortical expressions to a practical computer code. The
theoretical points are presented without proof, for conciseness. The

reader wanting more detail should review the references.

Theoretical Principles

In Ref. 7., a description is given of the requirements for solving
an optimization problem involving a continuous dynamic system with no
terminal constraints but with fixed terminal time. This description is
repeated here because it presents the basic principles which extend to

the aircraft profile optimization problem. —

\\
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A system (the aircraft) is governed W t%gol%nthetiquifferential
equations
x = f(x,u,t) x(to) given; (A.1)
L, St St

where x is the n-dimensional state vector and u is the m-dimensional con-

trol vector. The cost function which is to be minimized is of the form

t
J = ¢(x(tf),tf) + f f1.(x.u.t) dt. (A.2)
to
Here, ¢ is the terminal cost function, and L is the cost per unit time along
the trajectory. The problem is to find the sequence of controls u(t) that
minimize J.

First, the system equations are adjoined to J with the multiplier
vector A(t):

t L]
t
o

Then the Hamiltonisn function is defined as
H(x,u,t) = L(x,ust) + AL(E)E(x,ust). (A.8)
Equation (A.3) is integrated by parts to yield

3= elxteg,e) = AT(rg) x(e) + AT(r ) x(e) (A.5)

+ ftf {1(xou,t) + AT(t) x(t))} de.

o

Next, the change in J due to variations in u(t) and x(t) is con-

sidered for fixed to and tf:

ml
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(A ax)mo (A.6)

t . q '
+ f f‘ SH + i‘ ) §x + oK Su I dt.
l Ix RIV) '

The elements of \{t) are chosen to cause the coefficients of dx in Eq.

(A.6) to vanish under the integral and at t_:

{7 BM _ 9L _ ,\Taf

ax Ix X

€

T - 3¢
A (tf) " (A.7)

Equations (A.7) ave called the co=state cquations.  Then, Fa. (A.6) bocomes

t.
T P an
§J A Gx(to) + f ™ du dt. (A.8)

t
o

For J to be minimum, 8J must be zero for arbitrary u(t); this implies that

for no bounds on u,

=0 y t_Se<t

[} £

(A.9)

on the optimum path. If the control variables are constrained as

Clu,t) ~ 0,

then for u(t) to be minimizing, we must

This impliecs, from Fq. (A.8) that

g-“au46u>o,
. >

for all t and all admissible Su(t). 1In

over the set of all possible u: this is

In summary, to solve tor u(t) that

(A.10)

have 8J > 0 for all admissible u(t).

(A.11)

other words, H must be minimized

known as the minimum principle (7).

minimizes J, the ditferential

cquations (A.1) and (A.7) must be solved simultancously, where u(t) is

determined from Eqs. (A.9) or (A.11).

The boundary conditions on the state

x at t and \ at t, are spacified, resulting la a two-point boundary-value

problem.
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If L and f are not explicit functions of t, then

. 9H  OH - oH ° :T
H = a‘:‘*ﬁ"*ﬁ"* A, (A.12)
dH . OH ° oH T
= 5t Ba Y + (§; + A )f.

Each elcement of Eq. (A.12) is zero on the optimum trajectory, from which
we can conclude that H is constant on the optimum trajectory. This latter

point is used in the analysis presented in Refs. 2 and 3.

Application to Aircraft Profile Optimization Ustng the Energy
State Approximation

Here we are concerned with applying the above theory to the pro-
blem of choosing the thrust and airspeed values to control the aircraft
vertical profile in going from one point to another. The cost function
J is the direct operating cost (DOC) which is the sum of fuel and time
costs. This is, in integral form,

“feo o 6 %
J = f (Cew+Cde f Ccy dt, (A.13)
(] 0
where Cf is the cost of fuel ($/1b), w is fuel flow rate (lb/hr),Ct is the

cost of time ($/hr), Cd is the direct operating cost, and tf is the
time to fly the specified distance travcled df. It is also assumed that the
typical vertical profile is as shown in Fig. A.l1 - that is, it contains

climb, cruise, and descent portions which have the constraint that

<
dup + ddn-— df (A.14)
where
dup = x(tci) = the distance traveled from the start point to
where the cruise segment begins (at time t = tci)'
ddn = df - x(tcf) = the distance traveled from the end of

cruise (at time t = tcf) to where the descent segment ends.
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Figure A.1. Assumed Structure of Optimum Trajectories

Thus, the cost function (Eq. (A.13)) can be rewritten as

tc:l d tf
J -f Cadt+ (dg - do - dg )b + f cydt, (A.15)
0 tef

- [Fetcae + - d + [ ca
[/ e+ agm e - 1 - xte 1y i cgee.
Cef

Eségiﬁere Y is the cost per unit distance while in cruise.

Simplified point-mass equations of longitudinal motion of the air-
craft are

V= (T-0)/m - g sin v , (A.16)
ﬂ = V sin Y ,
X =V

"

where the flight path angle (Y) dynamics and weight loss due to fuel burn
are neglected. Here,

V = airspeed, (magnitude of aircraft velocity V with respect
to the air mass),
Vg = ground speed (magnitude of Vg = V; 4+ V cos Y),
7 = horizontal wind velocity,
w
h = altitude,
m = aircraft mass,
T = thrust,
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x = horizontal range.

Here, the range equation is based on the ground speed Vg (the vector sum
of the horizontal velocity of the aircraft with respect to the air mass
and the wind velocity). Also, it is assumed that lift L = mg cos Y.

The effect of weight loss is accounted for by continuously updating weight
without adding another state variable,

The objective of this development is to simplify the optjmization problem so

that it can be solved in an on-board computer. This 1s done by use of the

energy state approximation which is now presented [8].

Specific energy E is
defined as

E=h+ V32, (A.17)

which is the sum of potential and kinetic energy per unit mass. Its
time derivative is found to be

E = V(T-D)/mg. (A.18)

The energy state approximation is based on the assumption that potential
and kinetic energy can be interchanged instantaneously. In this approxima-
tion, the energy state variable replaces altitude and airspeed state

variables [8]. Thus, Eq. (A.17) can be used in place of V and h in Eq.
(A.16).

It is assumed that the aircraft specific energy increases monotonicaily
during climb and decreases monotonically during deacent. This assumption
15 used in the development to change the ii.dependent variable in Eq. (A.15)
from time to energy. This uses the transformation

dt = ééli . (A.19)

It is mathematically convenient to evaluate the last integral ian Eq.
(4,15) backwards in time so that the energy state is wonotonically increas-
ing during its evaluation. This means that the running distance (range)
variable during the descent can be measured backwards from the end poinmt.

Thus we can think of range measured in two ways as shown in Fig. A.2.
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t
el CRUISE t s
CLIH% DESCENT
0 . tf
xup ( t H - "xd
— )
xup(tci) , '—'xan(tcf’

o Figure A.2. Measurement of Range from the Origin or to the Nestination.

In this sketch,

xup(t) = range measured on the way up in forward time t,

(tci)= value of xup when initial cruise is reached,

xdn(T) = range measured on the way up in backward time T,

X
up

xdn(ch)= value of X4, When final cruise is reached (ch=|tcf-tf|).

Also, we define the variable x to be range traveled during climb and

descent. The distance traveled during cruise is then constrained to be
(df-x). We can then see that an incremental change dr in the range
variable x 1is equivalent to incremental changes in both xup and Xin®
That 1is,

dx = d(xup + xdn) . (A.20)

From this discussion, the second of Eqs. (A.15) can be written as

3 = [feic de + (d, - (t Y lc,|d
f d f xUP tl) - xdn(ch))w f alct -

04 O¢ (A.21)
We use Eq. (A.19) and the transformation

di = = ————— (A.22)
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to rewrite Eq. (A.15) as
E c
J "f ci(__Egi_ dE) . + (df -(xup(Eci) + xdn(ch)))*

Ei E>0
E
+f cf (%El dE) (A.23)
\E .
<
Eg E<O

Here, Ei’ Eci’ ch, and Ef are the values of specific energy evaluated
at time t equal to 0 and L and time v evaluated at tog and tf respec-

tively.

Note from Eq. (A.23) that the range x only appears as the sum of

climb and descent distances (xu + xdn). Thus, the state equation for

P
this system of equations can be written as

d(x._ +x,) v Y B —
dx  _ up dn - gug + gdn (A.264)
dE dE /. bR .
E>0 E<
Here, Vgup and ngn are the gquivalent ground speeds for climb and

descent. Then, analogous to Eq. {(A.4), the Hamiltonian is

o ()10

v
+ (—5‘1—“) | (A.25)
E<0

o VE o f

This can be divided as

i
ERE A C i+ AW, )
Ho= [ —= + | (A.26)
E E>0 |E| E<O

Now, analogous to Eq. (A.7), the costate equation for A can be written as
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M an 1Y
A% Tax T x4, ) 0 (A.27)
up dn

and tvom Fgs. (A7) and (A.23), this costate has the tinal vialue

Mldexgyx (A.28)

A
RN
) (xup+xdn)

ﬁ(x

ME) = ME D = k.
up dn

where ¢ {s the crulse cost per unit distance.

Note, thiz problem could be placed fu a stightily more conventional torm
by dividing it into two problems = one for climb and ons=halfl of the
crufse distance and the other for decent and the other half of the cruise

distance.  Then Bqs. (A.27) and (A.28) would be veplaced by

M _o_wm rA.29)

BCLd /2 ~ x 1 V(B D) = = ¥ (B,
L,
up

for climb. For descend,

REY JH
W T, "0 (A.30)
dn
W([d. /2 - x, ] $E. N
£ dn of ,
A(ch) i axdn -V (ch)

This allows splitting the Hamiltonian defined in Fq. (A.2¢) and allows for
A(Ecl) ' A(Rcr). In tact, in the actual {mplementation Ecl ¥ ch because

opt imum eruise encrgy changes as tuel (s burned oft. The princlpal results

dare unchanped, however,

Thus, trom Eq. (A 11D), (A.29) and (A.Y¥) the trajectory optimization

problem becomes

!
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¢, v,
Hy = min | =5 - W(E ) (-—3—2) (A.31)
vup E E £>0 ,
up
c '
B, = min | S-yE ) (22
mov IR e
dn E<Q .
Trdn

Thus, the optimization problem reduces to solving pointwise minimum
values of the algebraic functions deflined by Eq. (A.31) during the climb

and descent portions of the trajectory.

Equations (A.29) and (A.30) are the transversality condition for the

free final state problem (dup +d < df) with terminal cost. Thus, the

dn
constant value ¢~ X for climb and descent is found to be the negative of

a the cost per unit distance for cruise.

The cruise cost ¢ (= - A) is found by assuming that the aircraft is
in static equilibrium during cruise (T = D), and that

min Cd
vED = v v ) (A.32)
c gc et
where
vgc T ‘vc t le *

In other w rds, for any cruise altitude, there is an optimum thrust and

airspeed Vc such that the cost per unit distance w(Ec) is minimized. The

E  optimum cruise cost as a function of cruise energy is typically of the 5
‘g‘g k
’ shape shown in Fig. A.3. Thus, there is also an optimum cruise energy b

é_ Ecopt where cruise cost w(Ecopt) is minimized. If the range is long

- enough so that there is sufficlent range to reach optimum cruise energy

Ecoptduring climb, it should be done, and the cruise conditions should bBe

that ==
set so tha A(Ec) w(Ecopt).
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Figure A.3, Optimum Cruise Cost as a Function of Cruise Energy

For the case where there is no cruise segment -(df = dup + ddn)’
the cost function contains only integral terms. Then, the transversality
condition yields A= - w(tc). That is, A\ would be the negative of

w(tc), where w(tc) is the optimum cost for cruising at the highest point
reached on the climb trajectory.

The optimum cruise energy Ecopt is only specifically reached when
there i{s range enough to climb to and descend from the optimum altitude/
airspeed values, where V¢ (Ec) is minimum. For ranges less than this

value, the maximum value of Ec that is reached is a free variable less than

the optimum value. Its choice is made to optimize the cost function of
Eq. (A.23).

From Eqs. (A.23) and (A.25), one can write

M(de = d ~d, ) VW(E)]
3J £ d
w- MY [ o= O (A.33)
at E= E . This is
c
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H +d (‘!’ =0 ,
S

where dc is the cruise distance, and Hc is the total valuc of H (Hup + Hdn)
at the cruise point. Thus, Eq. (A.34) can be used, along with other
characteristics of ¢ and H, to determine the relationship between ¢, Ec’ and
dc. The Hamiltonian evaluated at E = EC is the cost penalty to achieve a

unit increase in cruise energy. For H. > 0, Eq. (A.34) can be written as
- K .
dc = uc/(aw/‘b)ﬁ - Ec (A.35)

Figure A.4 shows the family of trajectories which have this characteristic.

These occur at values of Rc below Bco where JU/IE < 0 (sece Fig. A.3).

pt
That is, non-zero cruise scgments occur at short ranges with cruise energies

less than the optimum ecnergy value for long range.

For the case where Hc = Q, dc is zero for W/OE < 0. The distance
d. can be non-zerc only at optimum cruise energy where 3¢/9E = 0. This
family of trajectories is shown in Fig. A.5.

Thus, we have a situation where positive values of Hc dictate one
type of trajectory and zero values dictate another. In Ref. 2, it is
shown that if the aircraft engine s?ecific fuel consumption SFc is in-
dependent of the thrust T (so that w = SFCT)' then the structure of the
trajectories will be like Fig. A.5 with no cruise segment occuring except
copt” (This implies that the Hamiltonian Hc is zero at the maximum energy
point). For this case, the optimum thrust setting for climb is T"x, and
the optimum setting for descent is T{dle'

If the engine specific fuel consumption is dependent on thrust, and
the thrust values are not constrained during climb or descent, it is
shown in Ref. 2, that the Hamiltonian nc is again zero at the cruise
energy, and again the trajectory structure is like those of Fig. A.5.
SFC fs dependent on thrust for the aircraft models used in the OPTIM
program.
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If the SPC is dependent on thrust, and constrained to the maximum
value for climb and to the minimum idle value for descent, then the
Hamiltonian is positive at cruise. This causes positive cruise segments
according to Eq. (A.35) at cruise encrgies below the optimum. For this
case, the optimum trajectories will have shapes similar to Fig. A.4.
These trajectories are slightly less efficient than those of Fig. A.5.

because one less control is available for optimization.

Some Mechanization Details of the Computer Program

The remaining sections of this Appendix describe how the previous
theoretical material has been utilized to conmstruct an offline computer
program for generating optimum vertical profiles for models of two turbo-
jet aircraft provided by NASA, This material is presented in an alternate
way in Ref. 3, and the program is referred to here as OPTIM.

By examining the specific fuel consumption data of the turbojet engine
models, it was determined that SFC is dependent on thrust. Thus, two
types of short range profiles must be considered ~ those represented
by Fig. A.4 (Type 1 profile) when thrust is constrained and airspeed is
the single control - and those represented by Fig. A.5 (Type 2 profile)

when both thrust and airspeed are used as controls.

The solution to optimum climb and descent profiles is found by
minimizing the Hamiltonian expressed in Eqs. (A.31). The independent
variable (energy) is stepped along in fixed increments (e.g., 500 ft),
and the Hamiltonian is minimized at each energy setting. Minimization

occurs by finding the best values of airspeed (V vdn) and possibly

up’
thrust (“up’ "dn) so that the climb function and the descent function are

individually minimized.

To solve Eqs. (A.31) requires knowing two more quantities:

¢(Ec) - the cruise cost per uaf  distance. This comes from evaluating
Eq. (A.32) at the desiced cruise altitude.
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E - the cruise energy. This is a fuuction of the cruise altitude
and the associated cruise airspeed obtained in Eg. (A.32).

Note that for the Type 2 profile at short ranges, therc is no cruise
segment. In this case, the maximum energy achieved at maximum altitude
is referred to as the cruise energy Ec. At that altitude, there still

is defined a minimum cruise cost according to Eq. (A.32).

For the Type 1 trajectory of short range, there exists a non-zero
cruise segment which is determined by use of Eq. (A.35). To solve Eq.
(A.35) requires that the Hamiltonian defined by Eqs. (A.31) be solved
at the point of tramsition from climb-to-cruise. It also requires

knowing the slope JY/JE of the cruise cost for a change in cruise energy at
that point.

Cruise Optimization

The first step that must be taken to compute optimum trajectories
is to derive the optimum cruise cost ¥ and its derivative 3Y/SE. This
is done by computing what is referred to as the "cruise table". The
parameters that affect this table are the assumed cruise weight, the
wind profile, and the 1ift L, drag D, thrust T, and fuel flow rate ;
characteristics of the aircraft. The optimization process searches over
the acceptable ranges of altitude and airspeed for a given weight. The

results are collected in tabular form for a series of different assumed
cruise weights.

Again, the minimum cost of flight during cruise per unit distance
for a fixed cruise weight WE is found by

- . min f t
W) v B . (A.36)
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This assumes that the aircraft i1s in etatic equilibrium during cruise, i.e.,

T cos & = D, (A.37)
L+Tsinoa =W,

where the angle~of-attack @ is found by solving these equations simul-~

taneously. The altitude is stepped in 1000 ft increments from 10,000 ft

to ceiling altitude (where maximum thrust just balances drag). At

altitudes below ceiling altitude, the airspeed - dependent drag curve

crosses the maximum thrust curve at two points (Vl and Vz) as 1llustrated

in Fig. A.6. Thus, for each altitude level, the values of Vl and V2

are determined, and then w(wc,Ec) is minimized with respect to airspeed

V between these two limits. Restrictions are that V1 be greater than 0.1

Mach and that V2 be less than 0.89 Mach or 0.84 Mach for buffet constraint reasons.

After the cruise cost is minimized at each discrete altitude level,
these numbers are stored in a table with altitude as the independent
variable. Typical results are plotted in Fig. A.7. Presented here are 1
. also the optimum cruise Mach number Mopt
Z;& EPRbpt' After results are obtained in steps of 1000 ft, the minimum
o cost point is found as a function of altitude. In the OPTIM program,
‘ the cruise table optimization results are obtained by using a Fibonacci
gearch with eight Fibonacci numbers.

and the optimum thrust setting

it The cruise table results are obtained for cruise weights varying as

ps dictated by the program input, Usually, the cruise weight is incremented
in steps of 5000 1b. Up to ten values of cruise weight can be used. For
each cruise weight, the optimal cruise altitude, cost, speed, power

setting, fuel flow rate, and specific energy are computed. An example

o of optimum cruise cost as a function of cruise weight is shown in Fig. A.8.

s Climb Optimization s

After the cruise tables are generated, the program procedes with 9
i obtainin, th~2 optimum climb trajectory., This requires guessing what the 1
‘wi crulse weight will be, based on the takeoff weight. This guess is j

used to obtain a trial value for wc (or A ) in the Hamiltonian from
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the cruise tables. The procedure to obtain this guess is based on an
empirical formula which iterates until convergence is made.

The climb optimization process starts by assuming A(Ec) = 1.01 wc(E )
or 1.0 wc(hcopt
cruise weight wci equal to the takeoff weight (an input). The appropriate

copt
), where wc(Eopt) is first obtained by setting the initial

cruise tables are used to interpolate to find the corresponding value of
Ec associated with 1.01 wc or 1.0 wc. Then, empirical equations are used
to obtain an approximation to the fuel burned to reach Ec. For example,

for the tri-jet model, the form is

Fup = 0.11 (E; - E)) 1+ 4.7 Ct/Cf) wci/wref. (A.38)

Here, El is the takeoff aircraft energy, wref is a reference weight (136000 1b)

for the tri-jet, and wci is the previous value of cruise weight. Then,
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the cruise weight is updated at “ﬁi = Wci - Fup' This process is

repeated until the difference in consecutive estimates of Fu falls below
100 1b.

When the cruise weight estimate is obtained, the corresponding values
of Ec and X(Ec) are obtained from the cruise tables. Then, the program
is ready to generate points on the optimum climb trajectory. This is done

by stepping along at discrete increments of specific energy and minimizing

the Hamiltonian functiom

R i B

f

C,w+C - ME) (V+V)
: H (E) = L < L/ (A.39)
\ up E

, at each point. (This is the first of Eqs. (A.31)). That is, the program

9

;- starts with initial energy Eo = h0 + VOZ/Zg. It steps the energy a

E fixed amount AE (say 500 ft). At this point, it searches over airspeed
5 V (and possibly thrust setting T ) so that Eq. (A.39) is minimized. For

the turbojet engines, thrust is governed by EPR settings which vary
between 1.1 (idle thrust) and some maximum value less than 2.4. The air-

speed has an upper limit governed by

a)., 0.89 or 0.84 Mach (uffet limits),

b). 250 kt (IAS) below 10,000 ft for ATC restrictions,
c). VrEE?E:FT which insures that the aircraft climbs, and
d). Vz, the upper value shown in Fig., A.6 where max thrust

equals drag.

The lower limit is governed by

a). Vl, the lower value shown in Fig. A.6 where max thrust
“ equals drag,
b). 0.1 Mach

c). 5 ft/sec less than the previous value of V to limit large

jumps in flight path angle.

The Fibonacci search technique is again used to determine V and 7
g which minimize Eq. (A.39) for the fixed value of energy E. The value
E chosen for airspecd is accurate to within_.0056 Mach, and EPR is accurate




to within .009. Associated with these values of V and 7 are values of

o energy rate E (Eq. (A.16)) and altitude h:
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T From these, approximate values of time, range, flight path angle, and

= fuel burned are obtained from

) At = AE/E, (A.41) i
) ;

= siny = (Ah/At)/V,

= X = YAx ; Ox = Vg At

a F = UAF ; OF = w At |
;
; The ground speed Vg is found as ;
.
- 2 2 2 2 ;
. Vg Vw cos(wg - ww) + 1/Vw cos (wg - ww) + vV - Vw R (A.42) 3

- where wg and ww are the desired aircraft ground heading and wind heading,

respectively.

z The above process is repeated by stepping along energy in incre-
= ments of AE until Ec is reached. The last value of Eq. (A.39) is

stored for possible use in evaluating the cruise distance.

_= The above climb optimization procedure is repeated with A set to various

multiples of the optimum cruise value wc until the total range of flight con-
verges to the appropriate value. This is discussed in further detail later.

Descent Optimization

The descent optimization is very similar to the climb optimization
with regard to the equations which are evaluated. The optimization pro-
cess requires estimated values of Ec and Wc at the beginning of descent,
and an estimate of weight W_ at the end of descent. The method used

f
to obtain these estimates is discussed in the next section. [

If there is a cruise portion of flight, fuel will be burned off during
cruise. Thus, the value of ch, wc’ and ch at the beginning of descent
will be different than at the beginning of cruise. 1If there is no cruise
portion, then these values will be identical.
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The descent profile is obtained by starting at the final energy
state and then going backwards in time. The energy rate is constrained

to be negative with respect to forward time.

Similar descent profile constraints exist on airsnced as for those
of the climb profile. The thrust level is on or near the idle value

during descent.

Cruise Fuel Burn

To estimate the final weight during cruise (wcf) and landing (Wf).

the following steps are taken:

1). Determine wc, the initial cruise cost based on the initial

cruise_weight wci obtained from the climb optimization.

2) Use the initial cruise weight to compute the fuel flow
rate ;(¢c) from the cruise table.
3). Estimate the cruise range dc by use of empirical equations; i.e.,

for the tri-jet model:
P = wc/wcopt = 1.0 or 1.01 , (A.43)

_ 4 3 2
dc = blP + bzP + b3P + b4P + b5 .

4). Compute the cruise [.el as

Fo = W) 4/ V. (a.44)
5). Estimate the average cruise weight as

“c = wc - O.SFc (A.45)
6). Use the cruise table to obtain the corresponding cruise cost

ﬁc, altitudelﬁc, fuel flow rate ;dﬁc), airspeed V;, and wind
speed V;(F).

7). Recompute Eq. (A.44) and then find the final cruise weight,

Wog =W - F. (A.46)
8). Use the value wcf in the cruise tables to obtain w(wcf).
As h th i y € A = . . .
s with e climb, set 1.0 wc(wcf) or 1.01 wc(wcf)
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;
9). Use this value of 2 £ ootain hcf and ch from the cruise
tables.  1These are the end conditions for the descent trajectory
obtained backwards in time.
10). FEstimate the landing weipht from empirical formnlas; e.g., for
the tri-jet:
P = 1,01 or 1.0 (A.47)
2
d = - . )
E wf wcr (Lll + c2P + cj).
i%‘; The values of X, Hcf and wr obtaincd by the above proccdure are used for
2% obtaining the optimum descent trajectorv.  The descent portion of the
- Hamiltonian is of the torm
Cow+C o=A(E) (V) —
M, (1) = .,r.-..A.._-.L. ...~_..."_. _4...8...-.; (A.48)
dn |"I

this function is alse minimized at cach of the piven values of cnergy.

After the rirst descent profile is completed, a new estimate of

cruise distance is obrained by using Eq. (A.35), or

AHRPREE

d. = -(uup+ndn)/(f‘d'/lm) . (A.49)

Then, step (4) above is repeated to obtain-an—improved cruise fuel burn.

Then, the {mproved landing weight ostimate is e =

i

W =W, - (F +F +F
f i up c

dn) '

The landing trajectory is reoptimized with this new value of
landing weight. ‘Then, improved values of total range traveled, time

required, and fuel burned during climb, cruise, and descent are made. —

For short range flight, the above steps assumed that a Type 1 trajec-
tory is gencrated because thrust is const radned—te-maximum value during
climb ard idle value during descont. 1§ thrust is free, then a Type 2
— Srrreetraw I tonult, with no erufse portion. For this case, the steps
required to estimate eruise distance dC and final cruise cost, weight, and

v energy can be climinated.
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Cruise Cost Estimation 1

The first climb and descent profiles are generated with A = wc(Ecopt)

for free thrust or A = 1.01 wc(Ecopt) for fixed thrust. The resulting

range of the optimum profile has a given value defined as Rmax' An example
is shown for ) = 1.01 wc(Eopt) in Fig. A.9. If the total range desired

is greater than Rmax’ then the climb associated with ) = wc(Ecopt) is

used, the required cruise distance is computed, and the descent profile

is recomputed to produce the correct overall range.

If the desired range is less than Rmax’ A is next set to a value
corresponding to a cruise altitude just over 10,000 ft. (This typically
has the value A = 1.3 - 1.5 wc). The optimum profile is recomputed, and
the associated range is referred to as Rmin' (See Fig. A.9)

If the desired range is between Rm and Rmax’ then an iterative

in
process is used to obtain w(EC) and the associated desired range. Itera-
tions are stopped when the total range traveled is within some € of the

desired range. (In OPTIM, £ is set at 5 n.mi.)

If the cruise altitude is fixed, or a step climb is used between two
fixed altitudes, then )\ is set to \JJ(Ecopt
altitude,_In_this ca e, no iteration on ) is required,

) corresponding to the fixed —_
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Flight Range = X, (n.mi.)

Figure A.9. Relationship between the Cruise Cost Parameter Yy and
the Assoclated Range of Flight
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APPENDIX B

OPTIM SUBROUTINE DESCRIPTION

This section contains an explanation of the data storage for program
OPTIM. Following that is an explanation of the main program, its two
principal subprograms, and then the remaining subroutines and functions
in alphabetical order.

Data Storage

The major part of the data communications between subroutines in
OPTIM is through labelled common statements. There are ten such commons.
Their names and a short description of each are:

CCDE Cruise, climb, descent variables.

CONST Constants.

CRUISE Cruise table and associated variables.

DESCRP Assorted variables.

ERRNR Error traceback information.

GRAPH Data to be written to Unit 11 and associated variables.
Includes the final climb and descent trajectories.

INPUT All input parameters.

TOA Time-of-arrival and step climb variables.

TRIJET  Engine data, tri-jet.

TWINIT Engine data, twin-jet.

WINDP Wind input data and associated parameters.

As a convenience; the CDC UPDATE capability is used to insert COMMON
statements into source decks. This facilitates changing items in COMMON
vith no loss of program portability, because UPDATE produces a compile file
which is directly listable, editable, and compilable by any standard
FORTRAN.

Subroutines
Following are more detailed descriptions of the main program OPTIM

and its subroutines and functions.
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MAIN PROCRAM: OPTIM

This program synthesizes a fixed range, minimum fuel or direct operating

cost trajectory. The overall process is explained in Section IV and
Appendix A. The main program calls a subroutine (ALLIN) which reads all
required input, and then calls the principal control subroutine (OPTM56).

Subroutines called: Commons used:
ALLIN None
OPTM56
OPTM56

OPTM56 controls the main program computations. It first calls
CHEKIN to check that all input quantities are within reasonable limits.
It may then call OPTTOA to execute a run with fixed time-of-arrival, if
ICTAB = 2, Otherwise, it calls in sequence PROFIL to compute the optimum
requested profile, STEP to adjust the trajectory to include a step climb,
if appropriate, and PRFIBL to output the results of the optimization. If
any error has ocurred during the computation, TRACIT is called to output

the traceback information.

e Al D St AR B £ el A el e - b

Subroutines called: Commons used:
CHEKIN CCDE
OPTTOA CRUISE
PRFTBL DESCRP
PROFIL ERROR
STEP GRAPH
TRACIT INPUT
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OPTTOA

This subroutine serves as the program executive when synthesizing a
vertical flight path which requires minimum fuel to achieve a fixed range
in a fixed time~of-arrival. The logic is similar to that of OPTM56
except the following itews are changed:

1. An outer loop structure is mechanized to iterate on TC to
achieve the desired time-of-~arrival TEND. This is illustrated
by the block diagram in Fig. 4, Chapter 1V. TC is initially
set to zero, and the minimum fuel trajectory is generated.

The time this trajectory takes, TTIMEO, is compared to TEND,

and the subsequent logic depends on whether TTIMEO is greater
or less than TEND.
2. If TTIMEo is less than TEND, a special trajectory 1is next gene-

rated with the cruise speed set at that value where minimum fuel
rate (max/L/D) is achieved. This represents the upper bound on
length of flight time that is practical without using path
stretching or a holding pattern. If this trajectory takes TTIMEl,

then TEND is compared to TTIMEl. If TEND is greater than TTIME
the program stops. If TTIME° < TEND < TTIMEl, the cost of time

TC is negative, and iterations on TC continue until TTIMEn is
within 10 sec of TEND.

l’

3. if TTIMEo is greater than TEND, the cost-of-~-time TC is positive.
Iterations on TC continue uatil TTIMEn is within 10 sec of TEND,

The logic uses the previous three values of TC to fit a quadratic
curve to TTIME as a function of TC. The desired value TEND is then used
to obtain the next trail value of TC. The program stops if convergence
has not been achieved after nine trials.

Subroutines called: Commons used:
MATINV CCDE
PRFTBL CONST
PROFIL CRUISE
STEP DESCRP

ERROR

INPUT

TOA

WINDP
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ALLIN

ALLIN reads all input, including the cruise table if necessary. It
calls WINDIN to read the wind in. ALLIN also outputs the input data and

lists the options chosen.

Subroutines called: Commons used: 4
|
BANNER CCDE :
PAGE CRUISE |
SERCH1 CONST ;
TRACIT DESCRP ;
WINDIN ERROR !
INPUT i

WINDP
{
{
]
!
ATLOW ’4

This subroutine generates the atmospheric density (in 1b seczlftb),
atmospheric pressure (in lb/ftz), atmospheric temperature (in degrees
Kalvin) and speed of sound (in ft/sec) at a given altitude below 20,000
meters (65,617 feet)., It alsc makes the appropriate modifications in
atmospheric density and speed-of-sound to account for variations in
standard day temperature (represented by the input DTEMP). The 1962
standard atmosphere is used. This version of the program does not
calculate a new atmosphere when called at successive times at the same

altitude.

A

74

- S S

ik e st i i i R




ORIGINAL pag
BANNER OF POOR QUEEI'I!Y

BANNER is a subroutine used to write the title, date, and time of day

at the beginning of a run.

Subroutines called: Common used:

DATE
TIME

} CDC-supplied None

M bl

Ranglni A et

BLOCK DATA - DATTRI

A A e e

This block data contains the engine data used with the tri-~jet aircraft
model. Three tables are used to describe idle thrust, idle fuel flow, and

maximum continuous engine pressure ratio (EPR).

Subroutines called: Common used:

None TRIJET

BLOCK DATA - DATTWN

This block data contains numerical characteristics of the turbofan
engine used with the twin-jet aircraft model., Scven tables are used to
describe idle thrust and fuel flow for bleed valves open and closed,
altitude of surge bleed valve closure, maximum EPR for climb and cruise,

and Mach number corrections.

Subroutines called: Common used:
TWINJT —
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CDRAG

This subroutine calls the appropriate routine to compute the aircraft
drag coefficient CD based on the particular aircraft model selected by
the input variable IAC. Currently, two models are available, but logic

is present to use up to four different aircraft.

Subroutines called: Commons used:
CDRAGl* None
CDRAG2
CDRAG3
CDRAG4™®

* not included with program

CDRAG2

This subroutine computes the drag coefficient CD for some given
Mach number EM and 1ift coefficient CL for a medium range tri-jet trans-
port aircraft model. The value is computed from the coefficients of a
polynomial storad in the array COEFF,

Subroutines called: Commons used:
POLY2 None

CDRAG3

This subroutine computes the drag coefficient CD for some given
Mach number EM and lift coefficient CL for a medium range twin jet trans-
port aircraft model, CD is computed by polynomial evaluation, including
interpolation of the polynomial and its first derivative in certain

regions, as necessary.

Subroutines called: Commons used:

POLY2 None
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CHEKIN

CHEKIN tests several of the input quantities, such as the weight

and time inputs, to ensure that they are within reasonable limits.

Subroutines called: Commons used:
None INPUT

CLIFTT

CLIFIT calls the appropriate rcutine to compute the aircraft 1lift
coefficient for the particular aircraft model selected by the input
variable IAC. Currently, two models are available, but logic is present

to use up to four different aircraft.

Subroutines called: == ~M«:umnc:ns used:
CLIFT1l* None
CLIFT2
CLIFT3
CLIFT4*

* not included with program.
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CLIFT2

This subroutine computes the lift coefficient CL for a medium range
tri-jet transport aircraft as a function of Mach number EM, altitude H,
and angle-of-attack ALPHAP. The lift coefficient consists of three terms:

CL - CL (basic) + CLO + cLa a

The first term C.L (basic) is a polynomial function of angle-of-attack a.
The value of this term is checked against the buffet boundary expressed

IR Al C ek L B S K

as a polynomial of Mach number. The second term CLo is a polynomial of
X Mach number with altitude as the parameter. The third term CLu is also
a polynomial of Mach number. The coefficients of the polynomial are fit

for different altitudes.

Subroutines called: Commons usad:
POLYL® None

CLIFT3

This subroutine computes the lift coefficient CL for a medium range
twin jet transport aircraft as a function of Mach number EM, altitude H,
and angle-of-attack ALPHA. The lift coefficient consists of three terms:

CL = CL (basic) + CLo + O @
The first term CL (basic) is a function of angle-of-attack. The second

term CLO is a function of altitude and Mach number. The third term CLa
is also a function of altitude and Mach number. These terms are determined

y by table lookup.
Subroutines called: Commons used:
DBLSRC None
—SERCH=——=
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CLIMB

This subroutine controls the computation of the climb portion of
the fligh. profile. CLIMB calls FULEST to estimate the fuel use during
climb. It then uses the associated A from the cruise table computation ]
to optimize the climb trajectory. The optimization is calculated in
FCLMB6 at-a series of energy steps. The energy step size is computed
in ESTEP, and the incremental time, distance, fuel used, aud associated i
quantities are computed in STEPEN at each step. All climb variables

are stored at each step for later output and, if desired, plotting.

After the climb is completed, the actual fuel use is found. If

the estimated and actual fuel use differ by more then 200 pounds, the
climb is recomputed with the A associated with the new weight. Only
one iteration of climb is permitted.

" Subroutines called: Commens used: ;
1

ATLOW CCDE :

ESTEP CONST :

FCLMB6 DESCRP :

FIAS ERROR f

FULEST GRAPH i

ICLOCK INPUT .

PRWT WINDP }

SGLSRC :

STEPEN :

WLEFHV j

]

i

A

)

CRUISR f

CRUISR is used in the step climb option only. It is assumed that the
aircraft cruises from weight Wl to W2 (with wl being greater than wz, in
the initial pre-step climb cruise table). CRUISR returns cost, energy,

fuel use rate and Mach number at the new cruice weight W2. It also

computes distance travelled in going from Wl to wz.

- Subroutines called: Commons used:

¢ SERCHD CCDE
CRUISE
DESCRP
ERROR
TOA
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CRUISX

CRUISX looks up in the cruise table, and returns the flight para-
meters associated with crusing for a horizontal distance of RANGEX,
starting at weight Wl. On later entries, it computes the effect of

. crusing an increment of RANGEX from the previcusly computed position
' (without looking up a new weight).

Subroutines called: Commons used:
CTABLE CCDE
SERCHD CRUISE
SERCHI DESCRP
ERROR

;

3

é'.

;
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CRZOPS

ORIGINAL PAGE I8
OF POOR QUALITY

This subroutine generates the cruise table. The cruise table includes

the minimum cruise cost Y(W), altitude h, and airspeed V as functions of

weight W.

For each given weight W, the optimum cruise cost, altitude and

speed are computed as follows:

1.

For some given altitude h:

a)
b)

c)

d)

e)

determine the minimum drag speed V .,

compute the maximum thrust ‘1‘max available for this
speed and altitude,

if Tmax is greater than D and va proceed; otherwise

the ceiling has already been reached, and proceed to 2.
compute the lower and upper permissible speeds Va and

Vb, where the maximum thrust curve intersects the drag curve.
minimize the following cost function,

“’=Vm13 Cf\f1+Ct ’
a’'b g
where
C; = the fuel cost in $/1b,
£ = fuel flow rate in 1b/hr,
C, = time cost in $/ur,
Vg = ground speed in ft/sec.

Steps (a)-(c) are represted for all permissible altitudes
rangiag from 10,000 ft to either HMAX or the maximum ceiling.
For a fixed altitude run, values are calculated for only the

input altitude.

Determine the minimal cruise cost A* (W) and its associated h

and V as follows:

A* (W) = min y
h

(For a fixed altitude run, this minimization step is omitted.)

Steps (1) and (2) are repeated for different weight wvalues starting with

WEIGHT and decreasing in steps of DEW through WN.
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During a fixed time-of-arrival run, on the second iteration (IMFD=1),
this subroutine performs the same process to determine the airspeed at each
altitude and cruise weight where fuel flow rate f 1s minimized. This

occurs at near maximum 1ift/drag.

The output of CRZOP5 may be written on Unit 8 which can then be
stored for later use. The output is also printed cn Unit 6.

Subroutines called: Commons used: ;
FIASM CCDE
FMIN2 CRUISE
FOPY CONST
JTRUNC DESCRP
LSQPOL ERROR
PAGE INPUT
SERCHI WINDP
TOA
CTABLE

CTABLE looks up and returns the set of parameters in the cruise
table corresponding to wsight WCRUZ.

Subroutines called: Commons used:
SERCHD CCDE
CRUISE
DESCRP
ERROR
| 3
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ORIGINAL PAGE IS
DBLSRC OF POOR QUALITY

This function performs a double table lookup. Given a function f(x,y),
this function interpolaies the appropriate arrays to obtain approximate
values of £(A,B). The four points which surround (A,B) are first found,
and the function is evaluated at each. Then these values are interpolated,

first on x and then on y, to obtain the approximate solution.

Subroutines called: Commons used:
SERCHI None

DESCND

DESCND controls the computation of the descent portion of the flight
profile., 1t first calls WATEST to estimate the remaining cruise range,
cruise fuel, and descent fuel., After this point, the computation is
similar to that of CLIMB. ESTEP specifies energy step increments, at
each of which the trajectory is optimized within FDESCK6. STEPEN is
called to calculate additional dependent parameters at each step, and
all quantities are stored for later output and retrieval., In addition,
DESCND computes cumulative descent cost and total cost (climb plus

descent) at each step.

1f DESCND has been called during a constrained descent (DESPC), it
saves in COMMON the value of the altitude and fuel use at which the

unconstrained descent crosses the critical altitude, HCABSL.

Subroutines called: Commons used:
CTABLE CCDE
ESTEP CONST
FDSCNé DESCREP
ICLOCK ERROR
PRWT GRAPH
SERCHI ENPUT
STEPEN WINDP
WATEST
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DESPC

This subroutine modifies the final portion of the cruise and descent
profile to include the sink rate constraint HDOTC from cruise altitude
down to altitude HCABSL. DESPC first determines where the descent crosses
HCABSL. It then generates a new,.constrained upper portion of the descent !
with a ramped Mach number and constant sink rate; it modifies the descent
table accordingly. Finally, DESPC calls VOPTRJ to join climb and descent
with a new cruise segment.

Subroutines called: Commons uved: §
ATLOW CCDE
DESCND CONST
FIASM CRUISE |
FOPT D&SCRP
ICLOCK GR:/PH ‘
TRIM . ERROR !
VOP INPUT
VOPTRJ WINDP
WIND
i
i
]
DRAGC 1

This function computes the drag coefficient CD as a function of
Mach number and 1lift coefficient CL’ using subroutine CDRAG and the weight,
aircraft and atmospheric parameters previously stored in common. It 4

assumes lift equals weight to compute CL.

A o e

Subroutines called: COMMONS Used:
CDRAC CCDE
DESCRP
INPUT
k3

wamn i
. ‘
« !
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ENGEPR

This subroutine calls the appropriate routine to compute the aircraft
maximum thrust and EPR, the thrust asscciated with the input EPR, and the
fuel flow rate. The engine model is associated with the particular air-
craft model selected by the input variable IAC. Currently, two models

]
:

R d

are available, but logic is presented to use up to four different aircraft.

b aliis

g Subroutines called: Commens used:
: ENGEP1* None
& ENGEP2
‘ ENGEP3
ENGEP4*

* not included in program

Jk add
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CRGGIMAL PAGE 19
OF POOR QUALITY
ENGEP2

This subroutine gemerates the thrust THRUST and the fuel flow rate
FDOT for some given altitude H, Mach number EMAKNO and EPR setting. First
EPRMX, the maximum continuous EPR, is determined by table look-up for
some given temperature Ta and altitude H, where

Ta = T(1 +3’2‘—1 (FMAKNO) %)% - 273.15.
Here, T is the temperature corresponding to altitude H, after temperature
variation correction, and

Yy = 1l.4, the ratio of specific heats.

The EPR setting is limited to EPR < EPRMX for cruise and EPR < EPRMX - .1

for climb or descent.

Second, (FN/Se) is computed from a polynomial. Then, the thrust is

computed as,

THRST = 3(68m) (FN/Ge).

This is the thrust for the medium range tri-=jet transport aircraft model.

Here, éam is th2 pressure ratio

Here, P is the atmospheric pressure corresponding to altitude H, and Po is
the atmospheric pressure at sea level. A factor of three is used since

there are three engines.

Finally, the iuel flow rate FDOT is computed as:

FDOT = 3MIFC * §a *Kc

where
Kc = ,00 223181 Ta + .9675897,
= x-1 2.v/y-1
5a 6am(1 + 3 (EMAKNO) *) .
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Also, WFC is the fuel-flow rate computed as a polynomial of EPR, where the
coefficients of the polynomial depend on both altitude and Mach number.

Subroutines called: Commons used:

ATLOW CCDE

DBLSRC ERROR

POLYEL INPUT
TRIJET
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ENGEP3 OF POOR QUALITY

This subroutine generates the thrust THRUST and the fuel flow rate
FDOT for some given altitude H, Mach number EM and EPR setting. First
EPRMX, the maximum continuous EPR, is determined by table look-up,
{Tables 6 and 7 in Block Data) for some given temperature Ta and altitude
H, where

Ta = 1+ 5E @n?) - 2115,
Here, T is the temperature corresponding to altitude H, after temperature
variation correction, and

vy = 1.4, the ratio of specific heats.

The EPR setting is limited to EPR < EPRMC.

Second, (FN/Ge) is computed from a polynomial. Then, the thrust is

computed as,
THRST = 2(sam) (FN/Se) N

where Gam is the pressure ratio

P
Som = 7.
o

Here, P is the atmospheric pressure corresponding to altitude H, and Po is
the atmospheric pressure at sea level. A factor of two is used since there

are two engines.

Finally, the fuel flow rate FDOT is computed. A polynomial is used
to calculate WFC for a given EPR and altitude. At values of EPR < 1.6,
there is also a correction for Mach number (Table 10 in Block Data). Then,

FDOT = 2 *WFC * §a *K¢ ,
where

Kc = .0022 T, + 0.97 ,

= hind Y 2,v/y-1
sa s, L+ 5 ENY)
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Subroutines called:

DBLSRC
POLY2
SGLSRC

Commons used:

CCDE
ERROR®
LNPUT
TWINJT

m—
————

l\ n
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ENGIDL

ENGIDL is called during descent to compute thrust and fuel flow rate
for idle EPR. It does this through table look-up for the appropriate

aircraft.
Subroutines called: Commons used:
DBLSRC ERROR
SGLSRC TRIJET
TWINJT
ESTCD

This subroutine calls the appropriate routine to estimate cruise
range before descent based on the particular alrcraft model selected by
the input variable IAC, Currently, two models are available, but logic

is present to use up to four different aircraft.

Subrcutines called: Commons used:
ESTCD1* None
ESTCD2
ESTCD3
ESTCD4 *

* not included with program

ESTCD2

This subroutine estimates cruise range for the tri-jet, using a

polynomial derived from experience with the trajectory computation. For

the optimal profile, this polynomial gives a value of 115 nautical miles,

For suboptimal profiles, it is less.

Subroutines called: Commons used:
POLYE] DESCRP
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ESTCD3

This subroutine estimates cruise range for the twin-jet, For an
optimal flight, it estimates this range to be the difference between
total range-to-go and climb plus the estimated descent range of 90 miles.
For the suboptimal case, the cruise range 1s computed as a function of

cruise energy and di/d(energy). ‘

Subroutines called: Commons used:
SGLSRC CCDE j
CRUISE |
GRAPH )
DESCRP !
INPUT ;
4
ESTDF ;
.

This subroutine calls the appropriate routine to estimate the descent
fuel based on the particular aircraft model selected by the input variable

IAC. Currently, two models are available, but logic is present to use up ]

to four different aircraft.

Subroutines called: Commons useds—
ESTDF1#* None %
ESTDF2
ESTDF3 ]
ESTDF4*

* not included with program

L

ESTDF2 —

o~

This subroutine estimate descent fuel for the tri-jet, using an

emperically determined polynomial.

5 3
ﬁ;

- Subroutines called: Commons used:
< None DESCRP

. 91
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ESTDF3

ESTDF3 estimates descent fuel for the twin-jet model as a function
of the difference in enersy between top of descent and landing. Different
empirically derived functions are used depending on whether the single

control or duai control case is being computed.

Subroutines called: Commons used:
POLY2 CCDE
CONST
DESCRP
INPUT
ESTEP

This subroutine computes the next energy step size during climb
and descent. The nominal step is DENRGY, but this may be reduced when
within 3000 feet of the estiwated cruise energy. ESTEP also sets the
quantities NEARCZ (within..5000.feet of cruise) and IOPT (two-control
flag only).

Subroutines called: Commons used:
None CCDE -
DESCRP
INPUT
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FBOUND

This function evaluates the drag force D in 1b (using function DRAGC)
if IDRAG is set equal to 1, and the absolute value of maximum thrust (TMAX)
minus drag if IDRAG is equal to 2. To determine the maximum thrust, it
calls the subroutine ENGEPR with thrust setting TMAX set equal to its

maximum value.

The output is:

FBOUND = D in 1b, if IDRAG = 1
= |TMAX - D|, if IDRAG = 2

Sabroutines called: Commons usad:
DRAGC CCDE
ENGEPR DESCRP
ERROR
INPUT
FCLIMB

This function evaluates the Hamiltonian for climb and descent for
giver values of airspeed VTAS, energy E, and EPR setting. The
=&ltitude is obtained by

H=E - v/2g.

The atmospheric parameters and the aircraft ground speed V8 are found.
The drag D is obtained by calling function DRAGC with Mach number and
aircraft waight as inputs. The Hamiltonian is then evéluated by calling
FTHRST.

Subroutines called: Commons used:
ATLOW CCDE
DRAGC CONST
FTHRST DESCRP
ERROR
INPUT
33
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FCLMB6

This function minimizes rhe Hamiltonian for climb. First SPLMT
is called to calculate speed limits at the given altitude, and then
the appropriate permissible region for minimization is computed. Then
FCLMB6 calls FMIN and FCLIMB for minimization over speed. It also calls
FMIN and FTHRST for minimization over EPR setting, if required for the

two-control case (IlVPI=1),

o —

Subroutines called: Commons used:

FCLIMB CCDE

FDRAG DESCRP
FMIN ERROR
FTHRST INPUT
PILIMT

SPLMT

FCOST

This function evaluates the cost of flight per nautical mile, in
dollars (cost of fuel and time) when IMFD is set equal to 0. It
determines fuel flow rate in 1b/hr if IMFD is set equal to 1. To do
so, FCOST calls first TRIM to obtain the trim condition for comstant
speed level flight at a given altitude H and the Mach number EM.

Subroutines called: Commons used:
TRIM CCDE
WIND DESCRP
ERROR
INPUT
WINDP
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FDRAG

This subroutine computes the drag D for some given true airspeed VTAS,
energy E and aircraft weight W if IDRAG = 1. It computes T - D, if IDRAG ¢ 1.
Function DRAGC is used in computing D. The subroutine ENGEPR is called

for computing T.

Subroutines called: Commons used:
ATLOW CCDE
DRAGC DESCRP
ENGEPR ERROR
INPUT
FDSCN6

-

-
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This function minimizes the Hamiltonian for descent. First SPLMT
is called to calculate the speed limits at the given altitude, and then
FDSCN6 calls FMIN and FCLIMB for minimization over speed. In the

'—¥ single-control case, this is all that is required. In the two-control

% case, FDSCN6 goes on to minimize over EPR setting as well.
Subroutines called: Commons used:
“h FCLIMB— CCDE
FDRAG DESCRP

; FMIN ERRCR

' TTHRST INPUT

. PILIMT —_—— e

3  SPLMT

FIAS

FIAS returns Mach number as a function of indicated airspeed (in

na feet per second) and atmospheric pressure.

Subroutines called: Commons used:

None None
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FLASM

FIASM returns indicated airspeed in knots as a function of Mach

number and atmospheric pressure.

Subroutines called: Commons used:
None CONST

FMIN

This function minimizes the unimodal function F(X) so that x is
within 1/144 of the range between input boundaries by a Fibonacci search,
where 144 is the eleventh Fibonacci number.

FMIN2

This function minimizes the unimodal function F(X) so that x is
within 1/34 of the input range by a Fibonacci search where 34 is the
eighth Fibonacci number,

;‘l|l
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Thism fanct ton computes the opt {tmal stvapaed tor miatmom crutae coat
LEIMFD (e et equal 1o U0 10 computen optimal atiapeed tor minimum tuel
tate 11 IMFD {n wet egual 1. Flyat the mintoum drag DRUMN {0 computed
by calling FMIN.  Then, the maximum thrurt (e computed by cal ling KNURUR,
Thitd, the lowet and wppet bouds FA and PR, which dettue the tange ot
Petmiaaible Mach numbein ate computed by calling PMIN twice, unting
FROUND for evaluat ton, Finally the opt tmum Mach aumbetr OFMMAR and the

mintmam cost ave computed by the Cunet ton FMIN, aring FCOST (ot evaluat fon,

Subrout tuen called: vommenr aneal
AlLOw Cene
PR A DESLURDE
FNUEER FRROR
POOUND INP®UY
peony Winm
t™MIN

PLURST

M Canctton evaluates the Hamt ttontan tor aome given FUR aett (ng,
Mach amnber EMACH, ttue atvapesd VIAS, altitude HALT, dvap I aud weight W,
The values of thraat U oand tuel tlow 1ate PY ate obtatned from valling

Che mubuiout tue PNCEER.

Subroent tnen called; Ui ured: i
UNGUER oeme 1
NG Y VONRT -
WIND PSCRE %

RRROR 1

INPUT !

wiNby {

i

9

Y 1
1




-
H
e,
3
L
»
=
*
£
o
o
&
E
E

FULEST

FULEST calls the apprapriate routine to estimate the climb fuel
use for the particular aircraft model selected »y the input variable
1AC. Currently, two models are available, but logic is present to use

up to four different aircraft.

Subroutfinss called: Communs used:
FULEST1# None
FULEST2
FULST3

FULEST4®

* not tucluded with program

FULEST2

This subroutine {s used to estimate the climb fuel and the aircraft
weight WORUZ at the begfunfng of crufse for the tri-jet airceraft. WCRUZ
is needed to interpolate the cruise table to obtain initial cruise

vialues of energy, alti{tude, and cost.

The rout ine uses cost of tuel FU, cost of time TC, inftial weight WTO,

and crufse enerpgy minus initial encrgv to estimate fuel.

Subroutines called: Commons used:
WLEFRY Cene
DESCRP
FRROR
INPUT
a8



FULST3

This subroutine is used to estimate the climb fuel and the air-

craft weight WCRUZ at the beginning of cruise for the twin-jet aircraft.

The routine uses cost of fuel FC, cost of time TC, initial weight WIO,

and cruise energy minus initial energy to estimate fuel.

Subroutines called: Commons used:

POLY2 CCDE :
WLEFHV DESCRP ’
ERROR
INPUT 4

ICLOCK

This subroutine resolves TIME in seconds into hours IHR, minutes IMIN

and seconds ISEC. For example, 4521 seconds 1s resolved into 1 hour 15

%- minutes and 21 seconds,

JTRUNC

This subroutine finds the last point of a monotonically decreasing

geries.
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LSQPOL

This subroutine makes a least square polynomial fit for y as a function

Rounta i ol

of x. The arrays x(°), y(-) contain corresponding points of the independent

et aahanal

variable and the value of the function. The total number of points in the

E set is specified by N, the degree of polyncmial to be fitted is specified

; by M - 1 (e.g. M = 3 for quadratic fit), and the coefficients of the poly-
; nomial are stored in the array B(-) in the following order:

y = B(3)x#*x+ B(2) x + B (1),
LSQPOL uses the subroutine MATINV. Common used is ANE206
§ MATINV
1 This subroutine inverts a matrix A and stores the result in A. The
] dimension of the matrix is specified by M. The common used is ANE206.
NICER

This subroutine takes minimum and maximum values of the optimum
trajectory variables and computes appropriate boundaries for the printer

plots.

NICER uses no other subroutines.

PAGE

- This subroutine advances the printout to the top of the next page.
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roars

This subroutine computes I', the percentage of varfation from ¥ P

opt’

The value of P {s computed by a local polynomial tit to the ¥ vwrsus R

curves which have two points to begin (Rmin, 1.5¢% or 1.3) and

(Rmax, 1.01¢

or 1.0¢). Subsequent {teration tor synthesfzing the fixed range trajectory

fncreases the number of points.  The value of R and {ts corresponding

pereentage of variation are stored {n the arvays RANGE and U respectively.

The total number ot pofats at any {teration is speeftied by 1P,

Subrout {fues called: Commons  used @
FULEST CCDE
MATINY DESCRY
WCLST FRROR

GRAPH
NPt

_“'!‘L:JLUR (K, X. V, 18)

This subroutine gencrates the printer plots amd {8 called n 4 2
times (1ot 1 points to be plotted) with k less than, cqual to, or
greater than zere, depending on the purpose of the call,
Flrst Call: RS g, PIOTUR stores one (N,v) point {n the plot
array and setx ap the plot ases and scales,
Next u Calls: ko= O, PICTUR stores one (X, point {n the plot
arvav using the character designated by the para-
metoer 18,
Last Call: R S 0. PICTUR prints out the plot and writes the labels,

Subtout ines caltle-d: Comuons used:

None GRATH

1ot
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PILIMT OF PCOR QUALITY

This function evaluates thke absolute value of T - D for some given
EPR setting, altitude, Mach number and drag. It imposes a heavy penalty
if the function is outside the boundary. Specifically, this penalty
occurs for climb if it i8 outside the region where T < D. The penalty
occurs for descent, if it is in the region where T > D.

Subroutines called: . Commons used:
ENGEPR CCDE
DESCRP
ERROR
INPUT
POLYEl

This function evaluates the polynomial

Y = b(1) + B(2) X + b(HxZ = ...onX2

POLY2

POLY2 evaluates the polynomial

n-1

Z = oy texy s 6%

B ' %x,X

172

21%1 ¥ C2%1%p t oer Cpp
+‘.I

m-1 m-1 m=-1_ n-l
+ cm xl + cmle x2 + 00 * cmnxl x2
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PRETBL

PRETBL prints out the cruise performance table for the lower cruise
segment of a step climb flight. It uses the lower cruise table which

was saved previously by subroutine STEP. \

Subroutines called: Commons used:
FIASM CCDE
ICLOCK CRUIS;
SERCH1 CONST
WIND DESCRP

ERROR
GRAPH
= INPUT
TOA
WINDP
PRFTBL

This subroutine writes the optimum climb and descent trajectory
variables. It also writes the cruise performance table. In a step
c¢limb run, PRFTBL calls PRETBL to write the lower cruise segment and
STEPUP to write the step climb trajectory.

When the input quantity IGRAF is non-zero, this routine writes a
dataset on Unit 11 for storage by the user. This dataset may be used
for subsequent graphing. If IGRAF is greater than one, PRTPLT is called

to produce printer plots.

Subroutines called: Commons used:
CRUISR CCDE
CRUISX CRUISE
FIASM CONST
ICLOCK DESCRP R ——
PAGE ERROR
PRETBL GRAPH
PRTPLT INPUT
STEPUP WINDP
WIND

103

i

W



~ )
"

= T;»-iyv??!mum ’

1
.
:

1
-
E
»

PROFIL

This subroutine controls the trajectory calculations. For a normal

entry, it calls CRZOP5 to calculate the cruise table and then calls PRSUM

to print out the cruise summary table. PROFIL then goes through the

following sequence.

1.

4,

If this is a two-part trajectory, go to s«ep 2. Otherwise,
call CLIMB to generate the climb trajectory.

If this is a constrained descent, go to step 9.

Call DESCND to synthesize the descent profile, based on
an estimated landing weight.

Call VOPTRJ to estimate the cruise distance and fuel and to
revise the landing weight,

Call DESCND to generate the refined descent trajectory.

Call VOPTRJ to generate the overall trajectory, including
the total ground track distance covered by the trajectory.

If this is a three-part, free altitude, non time~of-arrival run,
call PCCMP5 to test this distance against the desired range R.
If PCCMP5 returns with flag IRETRN, indicating that the trajec~
tory has either been synthesized or cannot be, PROFIL returns to

its calling program. If the trajectories to determine Rmin and

Rmax Lave not been synthesized, return to Step 1. If the re-

quired distance is within the ir:terval (Rmin’ Rmax)’ return to

Step 1. ANtherwise if R is greater than RMAX, return to step 4.

1f PCCMP5 is not called, PROFIL ¢imply returns.

It a constrained descent is desired, cail DESPC to calculate

a new descent, and then return.

Subroutines called: Commons used:

CLIMB PCCMP5 CCDE EKROR
CRZOP5 PRSUM CONST INPUT
DESCND VOPTRJ CRUISE
DESPC DESCRP
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PRSUM

PRSUM calculates and prints out the cruise summary table. It also

calculates the summed cruise time and distance tables.

Subroutines called: Commons used:

ATLOW CCDE

PAGE CRUISE

WIND DESCRP
ERROR
INPUT
WINDP

PRTPLT

The subroutine calls subroutine PICTUR to generate printer plots
of the optimum trajectory variables when the flag IGRAF is set greater
than 1 in the subroutine PRFTBL. Labels to appear on plots are stored
in array NOTES (8) which provides eight lines of ten characters each.

The maximum and minimum values are calculated in subroutine PRFTBL and
scaled in subroutine NICER.

For IGRAF = 2, Mach no, flight path angle, altitude and
fuel are plotted versus range.

IGRAF ~ 2, all variables are plotted versus range and time,

Subroutines called: Commons used:
NICER GRAPH
PICTUR INPUT 1
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PRWT

This subroutine prints the estimated conditions at top of climb.

Commons used:

CCDE
CONST
ERROR

Subr~utines called:

None

SERCHD

The array TX(-) 1s monotonically decreasing. This subroutine searches

tine index x such that

and returns both & and pf where
Txl -x

pf-——-—-—— .
Txl sz+l

SERCHI

The array TX(:) is monotonically increasing. This subroutine searches

the index £ such that
Txl : X : Txt.‘_l [}
and returns both R and pf where

x - sz

P TR
X1 = TXy
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This function evaluates a single function F at the point A. This
is done by linear interpolation to obtain A's location in the array X
and using the tabulated values of F(X).

Subroutines called: Commons used:
SERCHI None

SPLMT

SPLMT controls the speed limits for the aircraft during climb and
descent. Different limits are applied during flight in the lowest
10000 feet and the last 3000 feet. Limits also depend on the type of

’ aircraft.
Subrou:ines called: ¥ Commons used:
ATLOW CCDE
FIAS CONST
SGLSRC DESCRP
ERROR
INPUT
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STEP

STEP controls the logic for the step climb option. It is called
(by either OPTM56 or OPTTOA) after an initial optimum profile is computed.
STEP then saves the initial cruise table and calls CRZOP5 to calculate a
new cruise table at an altitude 4000 feet higher.

Function FMINZ is then used to find an optimum trajectory comnsisting
of a lower cruise segment, a step climb, and an optimum two-part cruise
and descent segment. (See the description of STEPOPT for details of the
function being minimized.) The new trajectory is only accepted if its
total cost is less than the flight profile without the step clim:.

Subroutines called: Commons used:

e o 8 s

CRUISR CCDE
CRZOP5 CRUISE
FMIN2 DESCRP
PRSUM ERROR
SEREHD INPUT
STEPOPT GRAPH
STEPUP TOA

STEPEN

Subroutine STEPEN computes the trajectory variables associated with

a single energy step.

It finds the altitude at the new anergy level,

updates the weather with ATLOW, finds the fuel flow from ENGEPR, and

calculates time, distance, velocity, and flight path angle.

Subroutines called:

Cormons used:

ATLOW CCDE
ENGEPR CONST
FIAS DESCRP
FIASM ERROR
WIND INPUT
WINDP
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STEPOPT

This function calculates a step climb trajectory. Input (from
FMIN2) is the distance to be flown in the lower cruise table. STEPOPT
then cruises this distance, calls STEPUP for a ramped Mach number
ciimb at full power, and then calls PROFIL to compute an optimum two-
part trajectory beginning at the top of climb. The final value of the
function is the total cost of the four part trajectory consisting of

lower cruise, step climb, upper cruise and descent.

Subroutines called: Commons used:
CRUISR CCDE
PROFIL CRUISE
SERCHD DESCRP
SERCHI ERRCR
STEPUP INPUT
WLEFHV TOA
STEPUP

This subroutine computes a ramped Mach number climb at full power.
The climb is f{rom altitudes HALT to HCRU in steps of DELTAH.

Subroutines called: Commonys used:

ATLOW CCDE

DRAGC CONST

ENGEPR CRUISE

F1ASM DESCRP

WIND ERROR

_ . INPUT
TOA
WINDP

TRACIT . - —

In case of error, this subroutine provides a "walk back" through
the subroutine calling hierarchy. If the subroutine is set up to
recognize the computation or logic to be ir error, then TRACIT can

be vsed to find the source of the error.
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TRIM

Thia subroutine is used to compute the trim conditions for
medium range transport aircraft., This subroutine computes angle-of~

attack o and thrust T to keep the aircraft in trim for constant speed

level tlight, for a given altitude and for a given Mach number.

With ) the tlight path angle, the equations of motion in the horizental

and vertical directions are as follows:

z (v/dt) = T cos a - D - W sin y
W
8 viy/dt) = T sina + L - W cos Y

For a trimmed condition:

(Adv/dt) = (dy/dt) = 0,

The two equations are combined to eliminate thrust to give the equation:

(Weosy = 1)eosa - (Dsina + Wainy)sina = 0,
This egquation is solved by fterating with angle-ot-attack, a.

Once the aireratt is trimmed, the thrust is solved from the drag
T = (D4 Wsfy)/cona .

This required thrust {s matched by iterating on values o1 power setting
(EPR) and culling subrout ine ENCEPR.  Once the correct power setting is

determined, the engine fuel flow is also known,

Subrout i ws called: Jommons used:
CORAG CCLL
cLivret DESCRYP
ENGEPR ERROR
INPUT
110
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This subtoutine (1Y computes the climb tuel FCIMB, climb time TCCLMB
ctimd distance DUIME, descent tuel FDOWN, descent time TIOWN, and descent
distance DDOWN: (1) cruise tuel FCRULR, cruise distance DCRUZ, and cruize
time TCRILL () the tinal eruise welghi WCERUZ D (%) the crudse tuel
el fedeney BECRUS (CIn/uami.) and overall tuel efiiviency EFFCNS (Ih/namiL),
and (0) the tanding weight WINIKL 10 also generates the tuel used {o
1h, the distance covered fu miles, the time duration tn hr: min: srev,
the total cost fn 8§, and the cost per nantical mile tor ¢limb, cruine,

dercent, and the overvall tralectory,

TEVOPTRI s called duting o step elimb optimtzatfon, {t fueludes
the lower crutse sepment and step elimb time, tael and distance in
these totals,  VOPTRID alszo prints ont the tnttial crvutse weight, tinal
ciutse wetpht, and theft corvesponding true atrspeed, crulse cost,
cquivaleat aivspecd, ctutse enerpy, ground specd, alt {tude and Mach number.
Finally, (¢ prints out the cruise tuel eoff{tcfency, the overall tuel

cltticicney, and the Tanding weipht,

Subrout fnes called; commoens ased
ATTLOW SERCHIT CUHIR FRROR
CRULSN WIND CONST GRAPH
FLASM W1 EFRY CRUINISE INPUYT
PACY WRITYHL DESCRY WINIY
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WATEST

This subroutine {s used to eatimate the crufze range, fuel burned
during descent (FDOWN) and the ajreratt landing weight WINIU,  For free
crufse altftude optimtzation usfug V and n, (IVP1 = 1) the cruise range
fs zero,  For optimfzation using V only, the crufse distance {8 estimated
usfug ESTAD. For tixed crufse altitude, the cruise distance {a amsumed
to be the vange minus the climb distance minus 90, CRUISY {8 caliod
to bring che tHight parameters to this vange (estimated top of descent ),

Then WEFFEV is called to estimate crufse tuel rate and groad speed.

For all vases, ESTIY {x then called to compute the descent tuel.
The Tanding wefpht (2 then caleulated trom elimb, ecruise, and descent
tucl uae. ‘

Subrout {nes called: Commeons used:

CRULIKN cehr
ESTON QUNST
ESTHY DESCRY
WLEVHY FRROR
GRAMH
NPT
TOA

WCLST

This subrout {tne ix used (o compute climb, crutae, and descent

|fepment s tor the

crufse cost s very close to the opt tmum vatlue,

from PCOMYY,

tixed thrust case (IVEPL = ) where the value of

Sabrout ines called:

This toutine {8 called

Commins used:

CLIMR Ceby
DESCND CONNT
pESPe DESCRE
VOPTRD tal ety point VO FRROR
GRATH
INPUT
L
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This subroutine computes the wind velocity as s function of altitude.
This is combined with the aircraft velocity with respect to the air mass
to compute ground velocity. Inputs to this program are H, the altitude
in feet; PSIG, the aircraft heading in degrees: VTAS the aircraft air
speed; GAMMﬁ, the angle of attack; VW, and PSIW arrays. The outputs
from this program are VWA, the wind speed, and VG, the aircraft ground

speed.
Subroutines called: Commons used:
SERCH1 DESCRP
ERROR
INPUT
WINDP
WINDIN

This subroutine reads in the wind profile (the magnitude and direction
of wind as a function of altitude), The wind magnitude input is in knots
and the program converts it to ft/sec and stores it in the VW array. The
wind direction is stored in PSIW in degrees. The input represents the
direction the wind is coming from. The program adds 180° to this value
to obtain the vector direction. The altitudes corresponding to these
wind magnitudes and directions are stored in array HWIND. The wind may
be input as a single profile valid over the entire flight, or as separate
climb, cruise and descent profiles. In the case of a step climb the cruise

profile is used for lower cruise, step climb, and upper cruise sepments.

Subroutinex called: Commons used:
None INPUT
WINDP
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WLEFHV
The purpose of this subroutine is to interpolate cruise table results
to obtain cruise cost ELAMBS, cruise energy ECRUZ, cruise fuel flow rate

FCRUZ, cruise altitude HCRUZ, and c:uise airspeed and ground speed VCKTAS
and VGKNT as functions of the input cruise weight WCRUZ.

Subroutines called: Commons used:
CTABLE CCDE
JTRUNC CONST
SERCHD CRUISE
WIND DESCRP
ERROR
INPUT
WINDP
WRITEL

This subroutine (a) computes the climb, cruise, descent, or overall
cost for flying the specified segment of the trajectory, where the cost
is the sum of fuel cost and time cost, (b) computes the cost per nautical
mile to fly, (c) resolves the time given in seconds into hours, minute
and seconds, and (d) writes out the description of the segment (i.e. climb,
cruise, descent, total), the fuel used, the distance traversed, the time
duration (in hours, minutes, seconds), the cost for the segment, and the

cost per nautical mile to fly.

Subroutines called: Commons used:
ICLOCK CONST
INPUT
114
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